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Abstract
The present thesis deals with the interaction of CO2 and amines as molecular control factor
to influence different kinds of selectivities in various catalytic processes. The reversibility of
the Lewis acid-base reaction between CO2 and amines has been applied in numerous reaction
and separation processes and chapter I gives a short overview of the different areas.
Up to date this interaction has not been used to steer the selectivity of a reaction and in this
context, switchable solvents are applied in the selective homogeneous hydrogenation to steer
the chemoselectivity in chapter II. The interaction between CO2 and amine was ensured by
using the switchable solvent system of DBU and 1-hexanol. This switchable solvent system
was characterised in detail in order to obtain a deeper insight on its effects in the reaction.
Different homogeneous rhodium-complexes were evaluated as catalysts in the selective hy-
drogenation of 1,3-cyclohexadiene and 1,4-cyclohexadiene and the presence of various bases
on the selectivity towards cyclohexene was investigated. As a result, the rhodium-complex
[Rh(cod)(dppp)]BF4 was selected for further studies including concentration profiles, mecha-
nistic considerations and catalyst recycling in the switchable solvent system.
In chapter III, switchable ligands for the control of coordination geometries in catalysis are
discussed. These ligands are guanidine substituted triphenylphosphines, which can interact
with CO2 in presence of an alcohol. The synthesis of these ligands is described and the in-
teraction between the ligands, 1-hexanol and CO2 is investigated using high-pressure NMR
spectroscopy. The largest interaction was found between the meta-substituted ligand. The
influence of the switchable ligands on the regioselectivity in the rhodium-catalysed hydro-
formylation of 1-octene was tested, where the influence of the substituted position (ortho,
meta or para) and different alcohols on the selectivity were evaluated.
In chapter IV, switchable catalysts were used for the synthesis of cyclic carbonates derived
from styrene oxide and epoxy derivatives from oleo origin. The reaction of styrene oxide
with CO2 in presence of switchable catalysts based on DBU and 1-hexanol was tested and
an optimisation of the reaction conditions was performed. To investigate the influence of
the catalysts on the stereoselectivity, the conversion of different epoxy oleo chemicals into
cyclic carbonates with simple halide catalysts and switchable catalysts was tested. A clear
switch in the product distribution of cis- and trans-cyclic carbonates could be observed with
the different catalysts. A detailed evaluation - including mechanistic and stereochemical
considerations - was done.
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I. The interaction of carbon dioxide with
amines
1. Introduction
Carbon dioxide (CO2), a naturally occurring gas, is the Earth’s most abundant and read-
ily available carbon resource that is used by green plants and anaerobic bacteria alike for
chemical production on a massive scale. In contrast, industrial and laboratory utilisation of
CO2 as a chemical feedstock is extremely small, although CO2 is a major waste material in
industrial utilisation of fossil resources. Additionally, CO2 is arguably the most significant
anthropogenic greenhouse gas, considered to be the major cause of climate change.
CO2 has unique physico-chemical properties, is non-flammable and non-hazardous, which
makes it interesting for applications as inert reaction media in the form of supercritical car-
bon dioxide (scCO2). In recent times chemical fixation of CO2 has received a lot of attention
from the viewpoint as carbon resource. [1] Although the use of CO2 in chemical processes
(ca. 110 x 106 t a−1) cannot provide a global solution in the reduction of anthropogenic CO2
emission (ca. 30 x 109 t a−1), it could be an attractive option in the concept of “carbon
management” strategies. [2,3]
This chapter will focus on the interaction between CO2 and amines as common factor in the
application of CO2 in (chemical) reaction and separation processes. Selected examples from
different areas, such as CO2-capture, catalysis, synthetic methods and separation processes
will be provided.
2. Properties of CO2
Some of the important physical properties of CO2 are listed in Table 1.1. CO2 is a linear
molecule with a dipole moment of zero but a non-zero quadrupole moment. [4] This is due to
the diametrically opposed group dipoles of C to O in CO2.
Table 1.1.: Physical properties of CO2.
[4]
d(C–O) 1.16 A˚ Dipole moment 0 D
ΔH ○f
[a] -393.5 kJ mol−1 Quadrupole moment 3.00 x 10−26 esu cm2
ΔG○f
[b] -394.4 kJ mol−1 Polarizability 29.11 x 1025 cm3
[a] Standard molar enthalpy (heat) of formation at 298.15 K. [b] Standard molar Gibbs energy
of formation at 298.15 K.
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Despite the high thermodynamical stability, the acidic gas CO2 interacts readily with nucle-
ophilic species, such as water or hydroxide anions, and stands in equilibrium with bicarbonate
and carbonate ions in water (eqn. 1.1 and 1.2). The solvation of CO2 followed by the reaction
with water to form carbonic acid (H2CO3) is slightly exothermic (–19.7 kJ mol
−1) and the
equilibrium between H2CO3 and the bicarbonate anion (HCO
–
3) in water has a dissociation
constant of (1.72 ± 0.05) x 10−4 mol kg−1 at 25 ○C. [5]
CO2 +H2O⇀↽  H2CO3 (1.1)
H2CO3 ⇀↽  H
+ +HCO3− (1.2)
For this reason carbonic acid can be used as a reagent, where CO2 is the sustainable acid that
does not require the addition of a base for neutralisation. For example, Enick et al. showed
that contaminants from steel waste can be extracted into water using carbonic acid (from
CO2 and water) to influence the pH.
[6] After depressurisation, thus removal of CO2, the rapid
increase of pH leads to the precipitation of the extracted materials. Also the groups of Eckert
and Liotta reported about the use of carbonic acid (from CO2 and water) in combination with
hydrogen peroxide for the epoxidation of olefines without any metallic catalyst or peroxy acid
additions. [7] This is possible through the reaction of carbonic acid with H2O2, that probably
leads to the in situ formation of peroxycarbonic acid.
Other proton-containing nucleophiles, such as amines, alcohols, or thiols, react readily with
CO2 in Lewis acid-base equilibria (eqn. 1.3–1.4). The extent of the equilibria depends on
several factors such as (a) the nature of the nucleophile, (b) the reaction medium (reaction
can also take place in the absence of solvent), (c) the temperature, and (d) the base strength.
CO2 +R2NH⇀↽  R2N−COOH
R2NH
⇀↽  [R2NH2]
+[R2NCOO]− (1.3)
Primary aliphatic amines react quantitatively with CO2 to form alkylammonium alkylcarba-
mate salts (eqn. 1.3). Alcohols also react with CO2 to give alkylcarbonic acids (RO−COOH).
However they are less basic and nucleophilic than the analogous amines, thus, to obtain
a significant amount of [ROCOO]– species, a strong base of low nucleophility (B), such as
amidines or guanidines, has to be added to obtain the corresponding carbonate (eqn. 1.4). [8]
CO2 +ROH ⇀↽  RO−COOH
B
⇀↽  [BH]
+[ROCOO]− (1.4)
Primary aliphatic amines can also react with CO2 in the presence of such a base to generate
carbamates ([BH]+[R2NCOO]
–).
Under CO2 atmosphere, these carbonates and carbamates are thermally stable at room tem-
perature, but easily loose the CO2, shifting back the equilibrium, at higher temperatures. A
flow of an inert gas (N2 or argon) is also able to remove the CO2 at room temperature (or
2
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faster at 50–60 ○C) (eqn. 1.5–1.6).
R2NH +B
CO2
⇀↽ 
Δ or N2
[BH]+[R2NCOO]− (1.5)
ROH +B
CO2
⇀↽ 
Δ or N2
[BH]+[ROCOO]− (1.6)
The electrophilic nature of CO2 makes it an interesting reagent in organic synthesis, but
its high thermodynamic stability and low reactivity under many conditions has limited its
industrial uses thus far. [4]
3. CO2 capture
With the industrial utilisation of fossil resources, the removal of CO2 from gases has become
a problem of increasing industrial importance over the decades which translated in the search
for efficient, reversible and economic capture technologies of CO2. The oldest methods used
for the CO2 capture were either pressurised water, in which CO2 dissolves, or aqueous so-
lutions with neutral alkaline carbonates, where CO2 reacts to form pyrolytically unstable
bicarbonates:
Na2CO3 +CO2 +H2O⇀↽  2NaHCO3 (1.7)
The CO2 uptake occurs at low temperatures but the reversal needs high temperatures (110–
120 ○C) in order to drive off the CO2 and obtain back the alkaline carbonate. The large
amount of energy, in form of steam, necessary to heat the solution to these temperatures,
made the process uneconomical and the search for other economical CO2 removal processes
continued. [9]
As mentioned in section 2, CO2 is an acidic gas, which is in equilibrium with carbonic acid
(H2CO3), bicarbonate (HCO
–
3) and carbonate (CO
2–
3 ) anions in aqueous solutions. Each of
these species can react reversibly with bases, such as amines. Therefore, the use of organic
nitrogen bases became of increased interest in the CO2 capture at the end of the 1920s. The
first patent for the separation of acidic gases from gas flows with amine solutions was issued
to the Girdler Corporation in 1930, where R. R. Bottoms invented the process of amine
scrubbing (see Figure 1.1). [10] In this process, which is still the technology of choice for CO2
capture today, [11] aqueous solutions of weak bases with low volatility are used. In principle,
the CO2 is absorbed from fuel gas or combustion gas at ambient temperatures (40
○C) into
an aqueous solution of amine. This amine is then regenerated by stripping with water vapour
at 100–120 ○C, and the water is condensed from the stripper vapour, leaving the pure CO2.
The amines used in these processes, such as monoethanolamine (MEA), diethanolamine
(DEA), triethanolamine (TEA) or N -methyldiethanolamine (MDEA), possess the property
to chemically react with CO2 to form carbonates, bicarbonates, carbamic acid and carba-
mates at low temperatures (eqn. 1.8–1.11). [12] After the reaction, the obtained mixture can
be heated to temperatures above 50 ○C, upon which the formed unstable compounds decom-
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Figure 1.1.: The amine scrubbing process invented by R.R. Bottoms in 1930 (copied from ref. 10).
pose, liberating the CO2 and regenerating the free base in its original form.
2R3−nNHn +CO2 +H2O⇀↽  2[R3−nNHn]
+ + [CO3]
2− (1.8)
R3−nNHn +CO2 +H2O⇀↽  [R3−nNH1+n]
+ + [HCO3]
− (1.9)
R2−nNH1+n +CO2 ⇀↽  R2−nNHnCOOH (1.10)
R2−nNH1+n +R2−nNHnCOOH⇀↽  [R2−nNH2+n]
+ + [R2−nNCO2]
− (1.11)
The reactivity of amines to CO2 (the adsorption rates of CO2) follows the order primary,
secondary and tertiary amines, as can clearly be seen from the reaction constants with CO2
at 25 ○C which arrive at 7000, 1200 and 3.5 m3/s⋅kmol for MEA, DEA and MDEA respec-
tively. [13] However, the loading capacity of CO2 for tertiary amines is 1.0 mole of CO2 per
mole of amine, which is higher than those of primary and secondary amines, where the loading
capacity lies between 0.5–1.0 mole of CO2 per mole of amine. This becomes apparent from
the equations 1.8–1.11, where the reaction of primary and secondary amines with CO2 gives
a carbamic acid or a zwitterion, which then forms the carbamate. In contrast, the reaction
of a tertiary amine with CO2 can only give bicarbonate, but not form the carbamate (eqn.
1.12). [14]
R3N +CO2 +H2O⇀↽  [R3NH]
+ + [HCO3]
− (1.12)
The reaction mechanism is essentially a base-catalysed hydration of CO2, where the amine
does not react directly with CO2 (see eqn. 1.13–1.16). This shows that interaction between
CO2 and tertiary amines is possible, if there is a proton-containing nucleophile present such
as water, alcohols or primary and secondary amines. For example, the amine reacts with
4
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water to form the hydroxide, which can react with CO2 to give the bicarbonate.
R3N +H2O⇀↽  [R3NH]
+ + [OH]− (1.13)
[OH]− +CO2 ⇀↽  [HCO3]
− (1.14)
In addition, CO2 reacts with water to form carbonic acid, which can react with the amine to
give the bicarbonate.
CO2 +H2O⇀↽  H2CO3 (1.15)
H2CO3 +R3N⇀↽  [R3NH]
+[HCO3]− (1.16)
The liberation of the CO2 and regeneration of the free base from the formed bicarbonates
is more energy consuming than from the carbamates, therefore the use of blends of primary,
secondary and tertiary amines are generally preferred nowadays. In that way, the high
adsorption rates of primary or secondary amines can be combined with the high loading
capacity of tertiary amines and the relative concentrations of the various amines can be
easily varied, thus, these blends are more flexible. [15]
4. CO2 as protecting group
The reversible binding between CO2 and primary or secondary amines under formation of
carbamic acids and carbamate salts (eqn. 1.10–1.11) can also be used in other areas besides
CO2 capture, such as in catalytic processes, where compressed CO2 is used simultaneously as
solvent and as a protecting group for amines. Examples include the ring closing metathesis
and the hydroaminomethylation of secondary amines.
For the ring closing metathesis in organic solvents, substrates with functional groups such as
secondary amine need to be protonated or masked by protecting groups before performing
the reaction, as metathesis catalysts are deactivated by basic N–H groups. [16,17] The groups
of Fu¨rstner and Leitner found that the ring closing metathesis of the macrocycle 2 could be
O
O
NH
O
O
NH
Ru
PCy3
PCy3
Cl
Cl
Ph
Ph
scCO2
O
O
N
OH
O
a)
b)
CO2
Ru-cat.
1 2
3
Scheme 1.1: a) Ring closing metathesis of macrocycle 2 in scCO2. b) Temporary protecting group
in scCO2.
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synthesised directly from 1 with a ruthenium carbene complex in supercritical carbon dioxide
(scCO2) with yields up to 74 %, whereas in dichloromethane no reaction towards the desired
product was observed. These results show that apart from the intrinsic advantages of scCO2
over conventional solvents, such as separation of the catalyst and products, the CO2 has an
additional role in the reaction. With the help of high-pressure NMR they observed that the
secondary amine present in the starting material reacts with CO2 to the corresponding car-
bamic acid 3, which acts as a protecting group of the basic amine function. Upon release of
the CO2-pressure, this carbamic acid decomposes and the secondary amine is regenerated.
[18]
The formation of a carbamic acid under supercritical conditions was also reported by Leitner
and Eilbracht for the rhodium-catalysed hydroaminomethylation of unprotected secondary
amines (Scheme 1.2). [19] They reported the intramolecular hydroaminomethylation of ethyl
methallylic amines in combination with unmodified and phosphine-modified “CO2-philic”
rhodium catalysts ([(cod)Rh(hfacac)] + 4-H2F6TPP). It was observed that the product dis-
tribution obtained in scCO2 differs significantly from that obtained in organic solvents. In
conventional solvents, the cyclic amide (lactam) 5 is obtained as the major product, but in
scCO2 saturated nitrogen heterocycles 6 and 7 are formed preferentially. They concluded
from high-pressure 1H and 14N NMR spectroscopy that this selectivity switch resulted pri-
marily from the protection of the N–H unit in the amine 4 by the reversible formation of a
carbamic acid in presence of CO2.
H
N
N
N
O
N
N
Rh-cat.
110 bar CO/H2
110 °C, 24 h
dioxane
Rh-cat.
45 bar CO/H2
79 °C, 20 h
scCO2 (0.67 g/mL)
+
4
5
6 7
Scheme 1.2: Main products obtained of ethyl methallylic amine 4 under hydroaminomethylation
conditions in dioxane and scCO2 as reaction media.
CO2 can also be used as protecting group for nitrogen groups under ambient conditions as
Katritzky et al. showed in the synthetic methods for 2-substitution of 1-unsubstituted indoles
and 1-substitution of 1,2,3,4-tetraheydroisoquinolines (Scheme 1.3). [20,21] They described an
one-pot reaction, where the protection of the amine function in tetrahydroisoquinoline (8) was
done via a reaction with n-butyllithium and CO2 to the corresponding N -lithium carboxylate
9. Subsequent lithiation, C–C bond formation with different electrophiles (E), deprotection
and work up led to the release of CO2 and gave the corresponding 1-substituted isoquinoline
10 in high yields. Only N-substitution occurs in the absence of CO2 for the given examples.
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NH NLi
N OLi
OLi
N OLi
OE
N OH
OE
NH
E
n-BuLi CO2 t-BuLi
E
H+
N OLi
O
- CO2
8 9
10
Scheme 1.3: One-pot 1-substitution of 1,2,3,4-tetrahydroisoquinolines with CO2 as protecting group.
5. Switchable systems
The readiness of CO2 to interact chemically with proton-containing nucleophiles, such as
water, alcohols and primary or secondary amines was used to develop switchable systems.
These systems use CO2 as an external trigger for the switching process and the removal of CO2
causes the reversal of the process. [22] This is not to be confused with tunable systems, where a
change of the external parameter, such as pressure or temperature, causes a continuous change
of physiochemical properties. [23] In the following introduction, only switchable systems that
are chemically switched by CO2 between two defined states are considered.
∗
5.1. Switchable-polarity solvents
The original CO2-triggered switchable solvents, firstly reported by Jessop, Eckert and Liotta,
are solvents that can be switched back and forth between a low-polarity form and a high
polarity form, with CO2 as the chemical trigger.
[8,24] The low polarity form of the solvent
consists of a mixture of amidine or guanidine base and an alcohol, which reacts with CO2
to create the high polarity form, an ionic liquid (IL) with quaternary ammonium cations
and alkylcarbonate anions (see Scheme 1.4 a,b). The reaction can be reversed by removal
of the CO2 either via heating or by bubbling an inert gas through the solution. The reac-
tion with CO2 causes an increase in the polarity, e.g. in the reaction of TMBG (TMBG
= 1,1,3,3-tetramethyl-2-butylguanidine) and methanol with CO2 it changes from a polarity
comparable with CHCl3 to a polarity comparable with MeOH.
[25,26]
Exchanging the alcohol for a primary amine gives a less water-sensitive system, as the carba-
mate salt is thermodynamically more stable than the alkylcarbonate salt (see Scheme 1.4 c),
as shown by the group of Weiss. [27,28] Furthermore, the same group showed that with the use
of amino acids as the amine component, chiral systems are obtained (see Scheme 1.4 d). [29]
A cheaper switchable-polarity solvent is the one-component system of secondary amines (see
Scheme 1.4 e,f), where the amine functions both as nucleophile and proton donor under for-
∗The chemical switch by CO2 between two defined states is illustrated as followed: 1) CO2 (and H2O) above
the arrows: addition of CO2 leads to switch and removal of CO2 causes the reversal, 2) CO2 (and H2O)
beneath the arrows: removal of CO2 leads to switch and the addition of CO2 causes the reversal.
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Scheme 1.4: Examples of switchable-polarity solvents: a) amidine/alcohol mixtures, b) guani-
dine/alcohol mixtures, c) amidine/amine mixtures, d) amidine/chiral amine mixtures, e) secondary
amines, f) diamine, g) guanidine/acidic alcohol mixtures.
mation of carbamates with CO2.
[25] One-component systems with siloxyl- and silyl-protected
primary amines have also been reported as switchable-polarity solvents. [30–32]
During the switching process, along with the change in polarity, the formation of the ionic
liquid causes also a big increase in viscosity. [24] Furthermore, it has been shown that in ionic
liquids containing secondary amines, in addition to the polarity, basicity can be switched as
well upon reaction with CO2 (see Scheme 1.4 g).
[33]
Due to the built-in polarity switch, such solvents can be used for different applications, such
as reaction media, [34,35] extraction media, [36–38] solvents for CO2 detection,
[39] and solvents
for CO2 capture from flue gas
[26,30,31,40] or high-pressure streams. [41] Examples of chemical
reactions that have been performed in these solvents are polymerisation, [8] Claisen-Schmidt
condensation, [42,43] cyanosilylation, [42] Michael addition [42] and even air-sensitive catalytic
reactions such as Heck- or Sonogashira-reactions. [42–44]
A palladium-catalysed C–C coupling reaction of bromobenzene and styrene was investigated
in the switchable solvent mixture of DBU/1-hexanol (11/12, DBU = 1,8-diazabicyclo[5.4.0]un-
dec-7-ene). This reaction inherently causes the formation of HBr, which needs to be neu-
tralised by a base for catalyst recovery, leading to stoichiometric amounts of salt as by-product
8
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(see Scheme 1.5). It was observed that when performing the reaction in this solvent system
no additional base was required, since free DBU (11), in equilibrium with the ionic species,
acts as HBr scavenger.
Br
+
Pd-catalyst
+  HBr
DBU/1-hexanol
Scheme 1.5: Heck reaction of bromobenzene and styrene.
The overall reaction and separation process for this reaction was designed as shown in
Figure 1.2, coupling the reaction and a two-stage separation. The reaction was carried out
under ionic conditions and with subsequent addition of an organic solvent, such as heptane,
the non-polar products could be extracted and separated from the ionic liquid. In the sec-
ond step, after reversal of the ionic liquid to the molecular solvent, the ionic by-product
[DBUH][Br] was precipitated from this non-polar solvent mixture. This way the product and
by-product could be isolated sequentially and the solvent with catalyst could be recycled. In
this process, the commercial available complex PdCl2(TPP)2 (TPP = triphenylphosphine)
was found to give the best results, with conversions of 83 % and selectivities of 95 % over
two cycles. [44] This illustrates the possibilities of reaction and separation processes with a
switchable-polarity solvents, providing a possible solution for the problem of salt accumula-
tion in reaction media.
Salt
Catalyst
Ar
Products
Catalyst
Salt
Products
Recycle Δ, Ar
-CO2
Reactants
Reactants
Catalyst
Reversal + 
Separation
+ CO2
Heptane
Ionic Liquid
DBU/Hexanol
Catalyst
Salt
+ heptaneAr CO2
Products
CO2
Salt
Catalyst
Ar
Salt (Precipitate)
Reaction Extraction +
Separation
Figure 1.2.: General reaction/separation scheme for the Heck reaction in the switchable solvent
system DBU (11) and 1-hexanol (12).
5.2. Switchable-hydrophilicity solvents
Switchable-hydrophilicity solvents are liquid solvents that can be switched back and forth be-
tween a hydrophobic form and a hydrophilic form with CO2 as the chemical trigger. Jessop
and co-workers reported about solvents such as amidines or tertiary amines (see Scheme 1.6
a,b) with hydrophobic behaviour (like hexane) that can however easily be removed by extrac-
tion with carbonated water to be later recovered after removal of CO2.
[45,46] The switching
can also be done in opposite fashion, as shown by the group of Ohno [47] They worked on an
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CO2
CO2
CO2
a)
b)
c)
hydrophobic hydrophilic
BuN NBu2
Bu
N
Bu
NBu2
Bu
H
NMe2 NHMe2
HCO3
HCO3
S
N CO2HF3C
OO
PBu4
S
N CO2F3C
OO
PBu4
H
Scheme 1.6: Examples of switchable-hydrophilicity solvents: a) and b) CO2 triggers the change to a
hydrophilic solvent, c) CO2 triggers the change to a hydrophobic solvent.
ionic liquid that is normally miscible with water, but separates from the water upon intro-
duction of CO2 (see Scheme 1.6 c). The concentration of CO2 in the mixture induces a pH
change of the aqueous solution and causes the protonation of the carboxylate group. Removal
of CO2 makes the ionic liquid miscible with water again.
Due to the built-in hydrophilicity switch, switchable-hydrophilicity solvents can be used for
facile phase separation, and thus product extraction. The hydrophobic form of the solvent is
used for extracting the product. The solvent and product can then be separated from each
other with carbonated water, where the solvent becomes hydrophilic and the product remains
hydrophobic. Later the solvent can be recovered from the water, without any distillation step,
simply by removal of CO2. For example, this method has been applied for the extraction of
soybean oil from soybean flakes, [45] extraction of bio-oil from algae [48] and the recycling of
polystyrene foam. [46]
5.3. Switchable water
Switchable water is an aqueous solution whose ionic strength can be switched back and forth
between high and low relative values with CO2 as the chemical trigger. In one form, an
aqueous solution of an uncharged base has a very low ionic strength; once CO2 is introduced,
the base is converted to a bicarbonate salt, thus raising the ionic strength of the solution (see
eqn 1.17, where n is the number of protonatable sites on the base molecule (B)). The base
can be an amine (see Scheme 1.7 a) or a polyamine (see Scheme 1.7 b). [49–51]
B + nH2O + nCO2 ⇀↽  [BHn]
n+ + n[HCO3]
− (1.17)
Due to the built-in ionic strength modifier, switchable water can be used for “salting out”
organic contaminants such as THF from water, [49] as trigger for the breaking of emulsions or
suspensions, [52,53] clay settling, [51,52] or as reaction media for chemical synthesis (e.g. hydro-
formylation). [54]
Another kind of switchable water systems are aqueous solutions with dissolved ammonium
10
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carbonate or ammonium carbamate salts. Heating these solutions result in breaking up the
salts irreversibly into CO2 and NH3 gases, and thus lowering the ionic strength of the solution.
The gases can be captured and reused. [55,56]
a)
b)
low ionic strength high ionic strength
CO2, H2O
HCO3
Me2N
NMe2
Me2HN
NHMe2
HCO3
O
MeO NHO
N
n m
O
MeO NHO
HN
n m
HCO3
CO2, H2O
Scheme 1.7: Examples of ionogens used for switchable water a) amine and b) polyamine.
5.4. Switchable surfactants
Switchable surfactants are either cationic or anionic species that can stabilize an emulsion,
suspension or foam. In recent work from Jessop and co-workers, several types of anionic sur-
factants are shown to become efficient demulsifiers/emulsion destabilizers under the action of
CO2 (see Scheme 1.8 a,b).
[22] The switching can also be done in the opposite direction, shown
by the same authors (see Scheme 1.8 c). [57–60] The neutral acetamidines are demulsifiers of
oil-water emulsions; upon addition of CO2 the transformation of demulsifier to active surfac-
tant is achieved. Removal of CO2 turns off the surfactant and destabilises the emulsion.
Due to the built-in stabilizing switch, these tunable surfactants can potentially be applied in
soil washing, [22] separation of oil sands, [52] heavy oil pipelining [58] and emulsion polymerisa-
tion. [59,61,62]
CO2, H2O
a)
b)
c)
surfactant demulsifier
HCO3
+   NaHCO3
R O
O
Na R OH
O
O
NO2
O
O
R
Na OH
NO2
O
O
R
N
H
NMe2
R
N NMe2
R
+  NaHCO3
CO2, H2O
CO2, H2O
Scheme 1.8: Examples of switchable surfactants: a) and b) anionic surfactants, CO2 triggers the
destabilisation c) cationic surfactant, CO2 triggers the stabilisation.
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5.5. Switchable ligands
Switchable ligands are ligands that can be switched back and forth between a hydrophobic
and a hydrophilic form, with CO2 as the chemical trigger. During the catalysis, the ligands
coordinated to the catalyst are in their hydrophobic form, in the organic phase, along with
the reagents. After the catalysis, the ligands are switched to their hydrophilic form, causing
the catalyst to transfer into the aqueous phase enabling easy product separation and catalyst
recycling.
The first switchable ligand systems were reported by Andreetta et al., who used CO2 to alter
the solubility of amino alkylphosphine modified Rh catalysts applied to the hydroformyla-
tion reaction (see Scheme 1.9 a). [63,64] Thereafter, this area has not gathered a great deal
of attention until Desset and Cole-Hamilton reported their amidine modified triphenylphos-
Rh / P NEt2
3
a)
b)
organic phase aqueous phase
CO2 Rh / P NEt2
3
H
HCO3
N NMe2Rh / P
3
H
N NMe2Rh / P
3
HCO3
CO2
Scheme 1.9: Examples of switchable ligand systems soluble in organic phases, where CO2 triggers
the solubility into aqueous phase.
phine ligands (see Scheme 1.9 b). [65–67] In this system, the weakly basic amidine groups are
protonated by carbonic acid, in presence of water and CO2 gas, changing the solubility and
transferring the catalyst from the organic solvent into the aqueous phase. The resulting
rhodium complex afforded high yields in the hydroformylation of 1-octene and the catalyst
could be recycled for multiple cycles.
5.6. Other switchable systems
5.6.1. Switchable catalysts
A switchable catalyst can be activated or deactivated with CO2 as chemical trigger. The
catalytic activity of benzamidine as an organocatalyst for the aldolreaction of 4-nitrobenzalde-
hyde and acetophenone is significantly decreased upon addition of CO2 to the reaction mixture
due to protonation (Scheme 1.10). The removal of CO2 liberates the benzamidine and restores
its basic character and its catalytic activity. [68]
CO2, H2O
active inactive
NH2
NH
NH2
NH2
HCO3
Scheme 1.10: Switchable organocatalyst, where CO2 triggers the basicity of the catalyst.
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5.6.2. Switchable dyes
Switchable dyes are solutes that change their properties when interacting with CO2. CO2-
responsive dyes, made of amine-functionalised polyaromatic hydrocarbons or amino acids such
as naphtylglycine, react with CO2 to form carbamates (see Scheme 1.11 a). The carbamates
have different fluorescence values than the amine functions, enabling easy measurement of
CO2 presence.
[69,70] Other reported dyes use an amidine-based spiropyran in an alcohol/water
solution that changes colour from purple to yellow upon reaction with CO2 (see Scheme 1.11
b). [71] These dyes make it possible to directly measure the presence of CO2 qualitatively.
CO2
a)
b)
CO2 "off" CO2 "on"
CO2, H2O
NH2O
O
H
N
O
O
OH
O
N
MeMe
Me
O OMe
N
Me
Me2N
N
MeMe
Me
HO OMe
NH
Me
Me2N
HCO3
HCO3
Scheme 1.11: Examples of switchable dyes, which can be used to detect CO2.
5.6.3. Switchable organogels
Switchable organogels are formed or destroyed by the action of CO2. Gels are complex
materials, made of 3D-networks that encapsulate liquids. Switchable organogels are made
from a solution of long-chain aliphatic amines in organic solvents, with CO2 as gelling agent
(Scheme 1.12). The formation of carbamate salts causes the gelation, which can be reversed
by releasing the CO2 under heating or with a diluted acid. These organogels were developed
for art restoration. [4,72–74]
In the field of art restoration and conservation cleaning media are needed for the surfaces of
wood and canvas paintings. The way these media are applied and, more importantly, removed
CO2
solution organogel
 = NH2 = NH3
+ = NHCO2-
Scheme 1.12: Switchable organogels, with CO2 as gelator.
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from the painted surface determine their utility. The application of organogels enables an easy
cleaning of the surface, but limits the degree of penetration and facilitates an easy removal
after the cleaning stage.
5.6.4. Switchable enzymes
Switchable enzymes can be activated or deactivated with CO2 as chemical trigger. The cat-
alytic activity of lipase as catalysts for the alcoholysis reaction between 2-ethylhexanol and
methylmethacrylate is significantly decreased when CO2 is bubbled through the reaction mix-
ture (Scheme 1.13). [75] The decrease in activity can be caused by the formation of carbamates
with the free amine groups on the surface of the enzyme, inhibiting the enzyme, and by the
effect of CO2 (or carbonic acid) on the pH of the media, since enzyme activity is sensitive to
pH. Increasing the temperature causes the removal of CO2, thus reversing the formation of
carbamates and increases the stability of the lipases, which restores the enzyme activity. [76]
active inactive
CO2
 = NH2 = NH-COOH
Scheme 1.13: Switchable enzymes, where CO2 triggers the activity of the enzymes.
6. Aim of the present thesis
The aim of this thesis is to investigate whether the interaction of CO2 and amines can be
used as a molecular control factor for different kinds of selectivity in catalytic processes.
To test the use of this interaction, three different areas were chosen in this thesis to investigate
the possibility to use CO2 as molecular control factor: selective homogeneous hydrogenation
(chapter II), hydroformylation reaction (chapter III) and the addition of CO2 to epoxides
(chapter IV).
The selective homogeneous hydrogenation was chosen as reaction to examine the influence
of the interaction between CO2 and amine on the chemoselectivity. For this reason, the hy-
drogenation of C=C versus C=O bonds with ruthenium catalysts and the hydrogenation of
dienes versus monoenes with rhodium catalysts were explored.
The interaction between CO2 and amine was ensured by using the switchable solvent system
of DBU (11) and 1-hexanol (12). This switchable solvent system was characterised in detail
in order to obtain a deeper insight on its effects in the reaction. The system was then used for
the homogeneous hydrogenation of different substrates containing C=C and C=O bonds us-
ing a ruthenium catalyst. The selective hydrogenation of dienes with different homogeneous
rhodium catalysts was studied and the possibility to carry out the hydrogenation reaction
14
Chapter I. The interaction of carbon dioxide with amines
in a switchable solvent system, in conjunction with the recycling of the catalyst was evaluated.
The hydroformylation reaction was chosen as reaction to examine the influence of the interac-
tion between CO2 and amine on the regioselectivity. This reaction is an industrially relevant
reaction, where the selectivity towards linear or branched products is largely influenced by
ligands on the metal centre. Numerous ligand structures have been reported for this reaction.
Newer approaches include the use of ligand-ligand interactions to fine tune the coordination
sphere at the metal, thus influencing the selectivity of the catalyst. In this thesis, the in-
teraction between CO2 and guanidine groups on the ligands was explored. The effect of the
presence of an alcohol and CO2 on the selectivity of the hydroformylation reaction of 1-octene
was investigated.
The addition of CO2 to epoxides was chosen as reaction to examine the influence of the
interaction between CO2 and amine on the stereoselectivity. The use of CO2 as carbon source
has obtained enormous interest over the past decades, especially in the synthesis of cyclic
carbonates from epoxides. For this reaction, broad scopes of homogeneous and heterogeneous
catalysts are known. Here, the possibility to apply switchable systems as catalysts or reagents
for the synthesis of cyclic carbonates from terminal and internal epoxides was the main focus.
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II. Switchable solvents for the selective
homogeneous hydrogenation
1. Introduction
1.1. Historic background
Hydrogenation plays a key role in chemical synthesis and undoubtedly the homogeneous hy-
drogenation of organic compounds catalysed by metal complexes is the most studied of the
entire class of homogeneous catalysis. Homogeneous hydrogenation is a chemical transforma-
tion during which hydrogen atoms are incorporated into unsaturated substrates by an active
catalyst present in the same phase as the reactants. Usually, the reaction is 100% atom
economic, performed with molecular hydrogen (H2), a cheap and abundant resource, but it
is also possible to use other molecules acting as hydrogen donor (e.g. alcohols in the transfer
hydrogenation reactions). [1] In this chapter the focus will be on the selective hydrogenation
of substrates bearing more than one unsaturated functional group with molecular hydrogen.
The first reports of homogeneous hydrogenation with metal compounds, Cu-based systems,
date to 1938. [2,3] One year later, Iguchi reported the first examples for Rh-complexes. [4] Al-
though Halpern et al. published chlororuthenium(II) species for the catalytic hydrogenation
of unsaturated acids, [5] the discovery of rhodium phosphine complexes, such as [RhCl(PPh3)3]
and [RhH(CO)(PPh3)3] (known as Wilkinson’s catalyst) is seen as the birth of the homoge-
neous hydrogenation. [6] These complexes are useful catalysts for the hydrogenation of olefins
and their catalytic activity was studied extensively by Wilkinson and co-workers. [7–11] Use of
chiral phosphines in 1968 by the groups of Knowles and Horner led to the discovery of the
catalytic enantioselective hydrogenation. [12,13]
Although the rhodium chemistry dominated the scene of catalyst development for homoge-
neous hydrogenation during the early years (1960–1980), the ruthenium chemistry was slowly
emerging, starting with the works of Halpern [5] and Wilkinson. [14] At the end of the 1970s,
the focus of ruthenium catalysts was shifted to the application as hydrogenation catalyst
for more difficult substrates such as arenes, simple ketones, nitriles and esters and reactions
concerning utilisation of coal and synthesis gas (H2/CO) to combat petroleum shortages.
[15]
Simultaneously, the interest shifted for both economic and scientific reasons towards the enan-
tioselective hydrogenation with ruthenium complexes. [16,17]
This chapter focuses on two areas of the homogeneous hydrogenation: the chemoselective
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hydrogenation of α,β-unsaturated carbonyl functions and the chemoselective hydrogenation
of dienes.
1.2. Selective hydrogenation of α,β-unsaturated carbonyl functions
The hydrogenation of carbonyl functions can be achieved with various catalysts based on
iridium, [18–21] rhodium, [22–24] copper, [25,26] or osmium [27,28] but the most common catalysts
are ruthenium species. From early studies these catalysts were based on the phosphine-
coordinated ruthenium precursors such as [RuHCl(CO)(PPh3)3], [RhCl2(CO)2(PPh3)3],
[RuHCl(PPh3)3] or [RuCl2(PPh3)3].
[29–31] In most cases, it was proposed that the hydro-
genations are catalysed by Ru(II) hydride complexes formed in situ.
In general, the proposed catalytic cycle for this type of catalysts follows the inner sphere hy-
drogenation mechanism shown in Scheme 2.1. Substrate coordinates to the vacant site on the
in situ formed unsaturated Ru(II) hydride species 13 giving complex 14. A hydride migra-
tion leads to the new unsaturated ruthenium species 15, to which hydrogen can coordinate
giving the dihydrogen species 16. This complex can react in two ways: either (1) protonation
of the coordinated substrate to the product and release of the regenerated catalyst 13 or (2)
the dihydrogen adds oxidative to the Ru(II) centre forming a dihydride Ru(IV) species 17,
followed by the reductive elimination of the product and release of the active catalyst 13.
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Scheme 2.1: Inner sphere hydrogenation mechanism of carbonyl functions with ruthenium hydride
species such as RuH2(PPh3)3([Ru] = RuH(PPh3)3, ◻ = vacant site on ruthenium(II).
It should be noted that the substrate insertion and hydride migration are usually very fast,
therefore only 15 can be observed and the addition of dihydrogen to 15 is generally seen as
the rate-limiting step. [32] Furthermore, it is often impossible to experimentally distinguish
between the direct or indirect (via 17) pathway from 16 to 13. Common features of the
catalytic reactions with this mechanism are: they require high H2-pressures (ca. 50 bar),
relatively high temperatures (50–100 ○C), low catalyst-to-substrate ratios and no additives,
regardless of the solvent used (water, organic or biphasic systems).
The main drawback of these types of ruthenium catalyst are the low chemoselectivity between
C=O and C=C bonds, which are much desirable in the reduction of α,β-unsaturated ketones
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and aldehydes. The low chemoselectivity can be explained by the striking similarities between
the hydrogenation mechanism of alkenes (Scheme 2.2) [15] and the hydrogenation mechanism
of carbonyl functions (Scheme 2.1). In the hydrogenation of alkenes, substrate coordinates
to the vacant site on the in situ formed unsaturated Ru(II) hydride species 18 giving the
π-complex 19. Hydride addition to the double bond gives the unstable alkyl intermediate
20, to which hydrogen can coordinate giving the dihydrogen species 21. This complex can
also react in two ways: either (1) proton transfer to the alkyl carbon releasing the product
and regenerating the hydride species 18 or (2) the dihydrogen adds oxidative to the Ru(II)
centre forming a dihydride Ru(IV) species 22, followed by the reductive elimination of the
product and release of the active species 18. The well-accepted route is the hydrogenolysis
of the ruthenium-carbon bond via protonation of the acidic dihydrogen ligand (21 → 18). [33]
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Scheme 2.2: Hydrogenation mechanism of alkenes with ruthenium hydride species such as
RuHCl(PPh3)3 ([Ru] = RuCl(PPh3)3, ◻ = vacant site on ruthenium(II)).
The selective hydrogenation of α,β-unsaturated carbonyl functions such as aldehydes to the
corresponding allylic alcohols is of great interest as these compounds are important fine chem-
icals and intermediates in the flavour and fragrance chemistry (Scheme 2.3). Several groups
have investigated the details of this reduction, especially in biphasic systems. In general, it
was found that the reduction of the C=C bond (Scheme 2.3, path (I)) can be achieved with
high selectivity using Rh(I)-phosphine complexes, such as water soluble rhodium Rh-TPPTS
catalysts (TPPTS = tris(meta-sodium sulfonatophenyl)phosphine). The best catalysts for
R1
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O
R1
R2
O
R1
R2
OH
R1
R2
OH
a: R1 = Ph, R2 = H : cinnamaldehyde
b: R1 = CH3, R2 = H : crotonaldehyde
c: R1 = R2 = CH3 : prenal
(I)
(II)23
24
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26
Scheme 2.3: Possible products of the hydrogenation of α,β-unsaturated aldehydes.
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the selective hydrogenation of the C=O bond (Scheme 2.3, path (II)) are the analogous
Ru(II)-phosphine complexes. [27,34–37]
However, it has been reported that in the selective hydrogenation of cinnamaldehyde (23a)
with the catalyst precursor [(RuCl2(TPPMS)2)2] (27), in presence of excess TPPMS (TPPMS
= (meta-sodium sulfonatophenyl)-diphenylphosphine), the saturated aldehyde 24a and un-
saturated alcohol 25a can also be obtained selectively by simply adjusting the pH of the aque-
ous phase. [36,37] Joo´ and co-workers explained this outcome by the presence of pH-dependent
Ru(II) hydride species with different catalytic properties. In acidic solutions, the reaction of
the starting Ru-complex with H2 and TPPMS proceeds spontaneously, due to the Brønsted
basicity and high solvation power of water, to give a monohydride complex (eqn. 2.1):
1
2 [RuCl2(TPPMS)2]2 +H2 +TPPMS ↽
pH = 1–5
 ⇀ [HRuCl(TPPMS)3] +H
+ +Cl− (2.1)
At a pH of 4.4 this monohydride results in a slow but highly selective hydrogenation of
cinnamaldehyde (23a) to dihydrocinnamaldehyde (24a) (C=C bond hydrogenation). Going
from acidic via neutral to basic solutions, the increasing formation of a dihydride could be
observed. This formation was predominant in the range of pH 7–8, where the two different
hydride species coexist. Increasing the pH resulted in further formation of the dihydride,
which led to the proposal of the following direct equilibrium between the hydrides (eqn. 2.2):
[HRuCl(TPPMS)3] +H2 +TPPMS +OH
− pH >8⇀↽  [H2Ru(TPPMS)4] +Cl
− +H2O (2.2)
The dihydride was found to react 8 times faster than the monohydride, producing exclusively
cinnamyl alcohol (25a) (C=O bond hydrogenation).
Also Noyori and co-workers showed that the chemoselectivity of RuCl2(PPh3)3 can easily
be tuned by the introduction of ethylene-diamine as a ligand and KOH as activator. [38,39]
Without additions, this catalyst favours olefin reduction over the carbonyl function but in
presence of the additions the catalyst reduces exclusively unsaturated aldehydes to unsatu-
rated alcohols. In this system, the effect of the diamine and KOH accelerates the carbonyl
hydrogenation and simultaneously decelerates the olefin reduction. For the hydrogenation of
cinnamaldehyde (23a) a conversion of > 99% with a selectivity of 99.8% towards 25a was
obtained after 0.3 h at 28 ○C. The high chemoselective hydrogenation could also be achieved
with the corresponding ketone (4-phenylbut-3-en-2-one), where substrate to catalyst ratio’s
of 10 000 were hydrogenated at 28 ○C in 18 h with full selectivity. [38] These results suggest
that this system is the current state of the art in terms of activity and selectivity.
1.3. Selective hydrogenation of dienes
The homogeneous hydrogenation of dienes, especially conjugated dienes, has attracted ex-
tensive attention over the last decades and yet, up to date only a small number of homo-
geneous catalysts have been reported to be selective for these reaction systems. [40] Indus-
trially, the removal of diene moieties from fatty acids and polydiene rubbers are the main
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application. [41,42] Catalysts that can perform the hydrogenation using molecular hydrogen in-
clude chromium, [43–46] zirconium, [47,48] palladium, [49–52] ruthenium [53–55] and rhodium com-
plexes. [56,57] The hydrogenation of substrates that contain conjugated double bonds (either
present from the beginning or formed via isomerisation of non-conjugated double bonds) re-
mains a particular challenge, as the formation of stable diene- or allyl complexes often inhibits
the reaction. [40]
One of the best studied catalyst for this reaction remains the cationic rhodium complex
[Rh(NBD)L2]X (NBD = norbornadiene, L = chelating diphosphine, X = weakly coordinat-
ing anion), known as Osborn catalyst. [56] To study this reaction, different substrates such
as norbornadiene, conjugated and non-conjugated cyclic dienes and substituted butadienes
have been tested. [42,57] It was recognised early on that the use of stabilizing ligands such as
chelating diphosphines or diarsines (instead of monodentate ligands) prevents the formation
of an unsaturated [Rh(diene)2L]
+ fragment, which is inactive for the hydrogenation. [40]
H2
- H+
+ H+
H2
H2
[RhHRLn]+
RH
[RhLn]+
subs
subs
[Rh(subs)Ln]+
[RhH2(subs)Ln]+
[RhH2Ln]+ [RhHLn]
[RhH(subs)Ln]+
[RhRLn]+
[RhH2RLn]+RH
subs
A
B
C
Scheme 2.4: Proposed pathways for alkene hydrogenation by cationic rhodium complexes, by Schrock
and Osborn (n = 2 or 3, subs = alkene, R = alkyl, RH = alkane, L = ligand). [56]
The hydrogenation mechanism for dienes with the cationic rhodium complex seems to mainly
follow the unsaturated route proposed by Osborn and Schrock (Scheme 2.4, path C or
Scheme 2.5), [57] as the hydrogenation rate does not depend on the addition of acid, which
is in contrast to the reported mechanisms for the hydrogenation of monoenes and alkynes
(Scheme 2.4, path B). [56] For monoenes and alkynes a dihydride species in direct equilibrium
with a monohydride species, is proposed (Scheme 2.4, path A). The equilibrium between the
species can be controlled by the addition of acid or the use of basic ligands. The monohydride
is highly active towards isomerisation and hydrogenation of olefins. Therefore, path A must
be suppressed if isomerisation is undesirable (key to selectivity) as the dihydride species is
generally less active towards isomerisation and hydrogenates at much lower rate.
Considering the unsaturated route (path C), the diene coordinates to the rhodium to form
[P2Rh(diene)]
+ (29) prior to the hydrogen activation. To date, detailed NMR studies have
allowed the proposal of the structure of the [P2Rh(diene)(H)2] intermediate (30),
[58,59] how-
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ever, the true nature of the postulated [P2Rh(R)(H)] intermediate between complex 30 and
31 has not been resolved yet. Possibilities include either a [Rh(alkenyl)] or a [Rh(allyl)]
species, where the former would lead to 1,2-addition, whereas the latter would either give 1,2-
or 1,4-addition. [40]
Rh
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+
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P
H
+
P
H
Rh
P
P
S
+
Rh
P
P S
S
+
H2
28
29
30
31
Scheme 2.5: The unsaturated mechanism proposed for the hydrogenation of dienes by the cationic
rhodium complex [Rh(NBD)L2]X (S = solvent).
Usually, the high selectivity towards monoenes is explained with the competition between
dienes and monoenes for the active site of the catalyst and is based on the (thermodynamic)
stability and/or (kinetic) reactivity of the intermediates. [60] The stability of the intermediate
or substrate-controlled selectivity is due to the strong coordinating power of dienes to metal
centres, maintained until a specific residual concentration of the diene is reached. The diene
is almost completely hydrogenated before the concentration of the monoene increases to such
a point that it can gain access to the metal centre. [61] The reactivity of the intermediates or
catalyst-controlled selectivity is achieved with complexes which are completely inert to the
hydrogenation of the resulting monoenes or only hydrogenate them very slowly.
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2. Interest and motivation
The chemoselective homogeneous hydrogenation has obtained a lot of interest over the past
decades and numerous catalyst systems have been reported. To tune the selectivity of the
hydrogenation reaction of α,β-unsaturated carbonyl functions different options are available.
The most successful strategy at the moment relies on the addition of additives (ethylene-
diamine and KOH) to the complex RuCl2(PPh3)3, where full selectivity towards the C=O
bond hydrogenation is achieved (as discussed in section II.1.2). To tune the chemoselectivity
of the hydrogenation reaction of dienes the general strategy remains the adjustment of the
pH via addition of acidic or basic additives shifting the equilibrium between monohydride
and dihydride species, as discussed in section II.1.3.
In this chapter, the possibility to apply the switchable solvent system of 1,8-diazabicyclo[5.4.0]-
undec-7-ene (11, DBU) and 1-hexanol (12) (introduced in section I.5.5.1.) in the chemose-
lective homogeneous hydrogenation was investigated. The question that we asked ourselves
when starting this research was: “can a switchable solvent system influence the chemoselec-
tivity of a catalyst?”.
To start off, in situ spectroscopic techniques were used to carefully analyse the switchable
solvent system and thus provide an insight to how the system is organised and reacts on
temperature changes while being under CO2 pressure. This topic will be covered in section
3.1. After the effect of temperature in combination with the CO2 pressure on the equilibrium
between the mixture (11/12) and the ionic liquid (32) was explored, the application of the
switchable solvent system in catalytic systems was surveyed.
In the first catalytic system, the possibility to tune the chemoselectivity between C=C and
C=O bonds (2-cyclohexenone) or diene and monoene (hexacyclodienes) hydrogenations with
ruthenium complexes was addressed. The main focus was on the use of the switchable solvent
system as solvent and CO2 as trigger for the selectivity change (see section 3.2).
The second catalytic system focused on the chemoselective hydrogenation of dienes with
rhodium complexes. A high selectivity towards the diene hydrogenation with a deeper mech-
anistic understanding of the catalytic process were to be attained. The emphasis was put on
a chemoselective system that allows for facile product and catalyst separation. This topic is
disscussed in section 3.3.
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3. Results and discussion
3.1. Characterization of the switchable solvent system
The switchable polarity solvent used for the selective homogeneous hydrogenations is a two-
component mixture of 1,8-diazabicyclo[5.4.0]undec-7-ene (11, DBU) and 1-hexanol (12) easily
transformed under CO2 action to the corresponding ionic liquid [DBUH]
+[HexOCO2]
– (32)
(see Scheme 2.6). [62] Due to the reversible nature of the system and the strong dependence
on temperature and pressure, the reaction was analysed in situ under reaction conditions,
using ATR-mIR- and high pressure NMR-spectroscopy.
N
N
+
+ CO2
N
H
N
O O
O
- CO2
HO
11 12 32
Scheme 2.6: The switchable solvent system DBU / 1-hexanol (11/12) reacts with CO2 to form the
ionic liquid [DBUH]
+
[HexOCO2]
–
(32).
3.1.1. ATR-mIR spectroscopy∗
A comparison of the mIR spectra of a mixture containing 11 and 12 and of the corresponding
ionic liquid 32 with dissolved CO2 shows that the bands of the mixture are largely superim-
posed by the bands of the ionic liquid, due to their similar structure and resulting vibrations
(see Figure 2.1).
Figure 2.1.: IR absorbance spectra of a 1:1 mixture of 11 and 12 (red) and the corresponding ionic
liquid 32 (black) (* = dissolved CO2).
The most prominent absorption bands of 11 are a strong C=N signal at 1610 cm−1 and the
multiple C–H signals between 2700 and 3000 cm−1. The latter are overlaid with the C–H
bands of 12 between 2800 and 3000 cm−1. Apart from these and the multiple signals in
the fingerprint region between 800 and 1500 cm−1, 12 shows a broad O–H signal at 3300
cm−1. The ionic liquid 32 shows multiple C=N bands between 1630 and 1660 cm−1, which
∗This work was done in collaboration with Sonja Hardy [63] and Dr. Julia Hahne.
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are only partly superimposed by the band of the 11, and a second signal at 1270 cm−1, which
is superimposed by many 11 and 12 signals. For the analysis of the superimposed bands,
an indirect hard modelling (IHM) approach was used. [64] The absorption band of CO2 at
2330 cm−1 is clearly separated from all other signals and could be analysed with a univariate
quantification method.
(a) ionic liquid formation (b) temperature influence
Figure 2.2.: (a) Concentration profiles of a 1:1 mixture of 11 and 12 (red) and the corresponding
ionic liquid 32 (black) during reaction at room temperature. (b) Influence of temperature on the
equilibrium between the ionic liquid 32 (◾) and 11/12 mixture (▴) under 35 bar of CO2 pressure.
The formation of the ionic liquid 32 from a 1:1 mixture of 11/12 reacting with CO2 was
analysed over time (see Figure 2.2 a). The IR signals of the ionic liquid 32 show a fast
increase in the beginning of the reaction while the signals of 11 and 12 decrease to the same
degree up to 40% ionic liquid and 60% initial mixture within only 2 minutes. A limitation
in mass transport of CO2 into the liquid phase was caused by the experimental setup (finger
autoclave with a small magnetic stir bar at the bottom and stirring rate of 450 rpm) and led
to a decreased synthesis rate. After 35 minutes, the signals of 11 and 12 have disappeared
up to 5% and the ionic liquid 32 signals increase little from 95%, indicating the end of the
synthesis. Quantitative reaction to 32 was not achieved in this synthesis, due to limited mass
transfer of CO2. The increase in viscosity, due to the formation of the ionic liquid, hampered
the stirring of the magnetic stir bar, thus leading to decreased mass transfer of CO2 in the
liquid phase.
This limited mass transfer of CO2 for the formation of the ionic liquid 32 could be reduced
with a different experimental setup. A window autoclave with a shift drive stirrer with
agitator speed control was used, which ensured good mixing even at higher viscosities, and
the agitator speed control ensured a steady speed even if the viscosity of the reaction mixture
changed during the reaction (which is the case here). Different stirrer modes and speeds
showed that the reaction time of the reaction is highly dependent on the mass transport of
the CO2 into the liquid phase. When using the optimal stirrer settings (speeds above 300 rpm)
and higher CO2 pressures (>40 bar), quantitative formation of 32 at room temperature was
achieved within 10 minutes showing that the reaction itself is very fast. An increase in the
concentration of dissolved CO2 could only be detected after the reaction was finished.
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Next, the influence of the temperature on the reversibility of the reaction was analysed under
CO2 pressure (see Figure 2.2 b). The formed ionic liquid 32 (shown in Figure 2.2 a) was
heated gradually to 110 ○C under 35 bar CO2, leading to a pressure increase of up to 45 bar.
The IR signals of 32 gradually decrease while the signals of 11 and 12 increase simultaneously
to the same degree. At 110 ○C, the equilibrium had shifted to 36% ionic liquid 32 and 64%
of free base 11 and alcohol 12, thus showing a large dependency of the reaction equilibrium
on the temperature.
The temperature dependency of the equilibrium constant can also be described by the van’t
Hoff equation (eqn. 2.3). This equation describes the relation between the equilibrium
constant K of the reaction and the corresponding standard enthalpy change ΔH ○.
δ ln K
δ T
= −
ΔH○
RT 2
(2.3)
with R = gas constant.
A linear form of the van’t Hoff equation can be obtained starting from the definitions of
Gibbs free energy ΔG○ and the reaction isotherm equation:
ΔG○ = ΔH○ − TΔS○ (2.4)
= −RT ln K (2.5)
Combining the equations 2.4 and 2.5, the linear form of the van’t Hoff equation becomes
ln K = −
ΔH○
RT
+
ΔS○
R
(2.6)
The corresponding van’t Hoff plot is shown in Figure 2.3. The data points are not an
ideal straight line, which is caused by the dependency of the standard enthalpy ΔH ○ on
the temperature. Nevertheless, the slope of the added trend line can be used to calcu-
late standard enthalpy change as an alternative to calorimetric procedures. [65] As a result,
ΔH ○ = –31.3±0.5 kJ⋅mol−1 and a standard entropy change ΔS ○ = –84.3±0.5 kJ⋅mol−1 was
Figure 2.3.: van ’t Hoff plot of the ionic liquid formation for the determination of the standard
reaction enthalpy ΔH○ and the standard entropy change ΔS○.
30
Chapter II. Switchable solvents for the selective homogeneous hydrogenation
found for this reaction. For comparison, the reaction of aqueous monoethanolamine with
CO2 has a standard enthalpy of –72 kJ⋅mol
−1 CO2.
[66]
3.1.2. HP-NMR spectroscopy
The synthesis of the ionic liquid 32 was also investigated by means of HP-NMR spectroscopy,
using different quantities of CO2 at room temperature (see Figure 2.4). The bottom trace
shows a 75 MHz 13C NMR spectrum of a neat mixture of 11 and 12 under argon, using
a high-pressure sapphire NMR tube with a built-in pressure sensor. The assignment of the
signals is straightforward: the quaternary carbon of 11 gives rise to a sharp signal at δ =
159.5 ppm and the –CH2–OH carbon of 12 to a sharp signal at δ = 59.4 ppm.
Figure 2.4.: 13C NMR spectra showing the formation of ionic liquid 32 by dosing CO2 to a mixture
of 11 and 12 (● = dissolved CO2).
The addition of increasing quantities of CO2 to the mixture was recorded as depicted in the
other traces in Figure 2.4. Despite some loss of resolution under these conditions due to
significant viscosity increase, the signals of the individual groups are readily observable and
can be assigned in the spectra. Most significantly, the signal of the quaternary carbon of
11 slowly shifts from 161 to 164 ppm and the signal of the quaternary carbon in [DBUH]+
overlaps with the quaternary carbon of 11. Two new signals in the range of δ = 62–63
and 156–157 ppm appear, assigned to the –CH2–O and quaternary carbons in [HexOCO2]
–
respectively. The CH2 groups in [DBUH]
+ exhibit a low frequency shift of Δδ ≈ 2–5 ppm and
broadening of the signals, whereas the CH2 groups in [HexOCO2]
– are less affected. After
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the addition of 1 equivalent of CO2, the signal assigned to the –CH2–OH carbon of 12 has
completely disappeared, indicating no (detectable) free 12 is present anymore. An increase
of dissolved CO2 could only be detected after the reaction was complete. The broadening of
the peaks at higher CO2 quantities results from the increase in viscosity of the formed ionic
liquid 32.
The influence of the temperature on the reversibility of the reaction was analysed under CO2
pressure (see Figure 2.5). The formed ionic liquid 32 was heated from room temperature to
50 ○C and then 80 ○C under 35 bar CO2, resulting in a pressure increase of up to 43 bar. The
signals of the dissolved CO2 (δ = 123.8 ppm) and the quaternary carbon in [HexOCO2]
– of 32
(δ = 156.3 ppm) decrease upon heating and have completely faded at 80 ○C. In combination
with the pressure increase in the NMR tube during the heating, this suggests that the CO2
is expelled from the solution and from the [HexOCO2]
–. The signal of the quaternary carbon
in [DBUH]+ shifts during the temperature increase from 164 to 163 ppm, indicating that
an increased quantity of 11 is present. The same happens to the signal of the –CH2–O
carbon in [HexOCO2]
–, which also shifts a little upfield during the heating, indicating that
an increased quantity of 12 or [HexO]– is present. The disappearance of the carbonate signal
of [HexOCO2]
– at 80 ○C could indicate that the equilibrium has shifted to the free base 11
and alcohol 12. Another indication for the reverse reaction is the sharpening of the broadened
signals of [DBUH]+, due to the decreasing viscosity.
Cooling down the NMR tube to room temperature (top trace) reversed the expulsion of the
Figure 2.5.: 13C NMR spectra of the temperature influence on the equilibrium between the ionic liquid
32 and DBU/1-hexanol mixture (11/12) (● = dissolved CO2).
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CO2 leading to reformation of the ionic liquid 32, thus showing the large dependency of the
reaction on the temperature.
These results show the same trend, which was observed with the IR measurements. Although
different quantities of CO2 were used in the two analysis methods, it can be concluded that
under CO2 pressure the equilibrium shown in Scheme 2.6 shifts towards 11 and 12 when
the temperature is increased. Depending on the temperature and CO2 pressure, different
quantities of 32 and 11/ 12 will be present in the mixture (see Figure 2.2 b). The base 11
cannot be eliminated completely at higher temperatures, therefore side reactions, which are
promoted by the free base, can become an increasing limitation at increased temperatures.
Since the exact quantities of 11/12 and 32 are not known under reaction conditions with the
presence of CO2, the following references to the solvent status will be used in the following
sections: ‘OFF’ for a mixture of 11 and 12 and ‘ON’ for the mixture of 32 with an unknown
amount of 11 and 12 present (see Figure 2.6).
OFF ON
N
N
+
+ CO2
N
H
N
O O
O
- CO2
HO
11 12 32
Figure 2.6.: Solvent status of the switchable solvent system with CO2 as trigger.
3.2. Ruthenium-catalysed hydrogenation
The selective hydrogenation of cinnamaldehyde (23a) (see Scheme 2.3) with the water-soluble
catalyst precursor [(RuCl2(TPPMS)2)2] (27) was chosen at first for the ruthenium catalysed
hydrogenation in the switchable solvent system. The preliminary results obtained with 23a
and the switchable solvent system showed however that the presence of the free base 11
promotes side reactions, such as Michael additions. Similar observations have been made by
Hahne in the Heck reaction of 4-bromoacetophenone with butyl acrylate. [67] Therefore, the hy-
drogenation of cyclohexen-1-one and with 27 was investigated as test reaction for the chemose-
lective hydrogenation of C=C versus C=O. Additionally, the same catalyst system was tested
in the chemoselective hydrogenation of diene versus monoene using 1,3-cyclohexadiene as sub-
strate.
3.2.1. Hydrogenation of 2-cyclohexen-1-one
The catalyst precursor [(RuCl2(TPPMS)2)2] (27) was tested in the hydrogenation of the α,β-
unsaturated ketone 2-cyclohexen-1-one (33) (Scheme 2.7) to investigate whether the solvent
could have an influence on the chemoselectivity. All pathways in Scheme 2.7 are thermody-
namically possible, however, the hydrogenation of the C=C bond in α,β-unsaturated ketones
is more favourable than the hydrogenation of their C=O bond. Thus, the chemoselectivity
to the unsaturated alcohol 35 must be controlled by changes in the rate constants of both
competitive reactions from 33.
33
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Scheme 2.7: Possible products of the hydrogenation of 2-cyclohexen-1-one (33).
The ruthenium precursor 27 and a threefold excess of TPPMS were dissolved in a 1:1 mix-
ture of 11 and 12 and transferred to an autoclave. Different experimental procedures were
adopted depending on the desired solvent status. In the case of a ‘OFF’ status (1:1 mixture
of 11/12), the substrate was added under argon atmosphere and afterwards the autoclave
pressurised with hydrogen and heated to the appropriate temperature. If the ‘ON’ status
was the desired one, the mixture was stirred under CO2 atmosphere for 10 minutes to form
the ionic liquid, prior to the addition of the substrate and pressurisation of the reaction gas.
In the ‘OFF’-status the hydrogenation of 33 proceeded well already at 50 ○C with high con-
version and preferred hydrogenation of the C=C bond (Table 2.1, entry 1). Increasing the
temperature to T > 80 ○C resulted in full conversion towards the fully hydrogenated product
36 (entries 2–4).
Performing the hydrogenation reaction in the ‘ON’ status had a large influence on the conver-
sion. At 50 ○C, nearly 50% of 33 was converted mostly to the corresponding hydrogenated
ketone 34. Increasing the reaction temperature to 80 ○C led to an increase in conversion of
∼30% (entry 5 vs. 7) but similar selectivities towards 34 are obtained. Further increase of
the temperature led to full conversion and a high selectivity towards the fully hydrogenated
product 36, similar to the results obtained in the ‘OFF’ status (entry 4 vs. 9).
The IR measurements of 32 at 110 ○C and 45 bar CO2 can be used to explain the similar
results in entry 4 and 9. The in situ measurements showed that at 110 ○C 64% of the ionic
liquid is converted back to 11 and 12 with only 36% of 32 in the mixture present. Therefore,
Table 2.1.: Influence of solvent, temperature and pressure on the hydrogenation of cyclohexen-1-one
(33) with [RuCl2(TPPMS)2]2 (27).
a
Entry Solvent status T /○C pH2 / bar pCO2 / bar Cv
b / % 34 35 36
1c OFF 50 20 – 97 69 3 28
2 OFF 80 10 – > 99 3 0 97
3 OFF 80 20 – > 99 2 0 98
4 OFF 110 20 – > 99 1 0 99
5c ON 50 20 40 48 81 0 19
6 ON 80 10 40 84 79 0 21
7 ON 80 20 40 76 82 0 18
8 ON 80 30 40 93 85 0 15
9 ON 110 20 40 > 99 7 0 93
[a] 11 μmol 27, 33 μmol TPPMS, 1.10 mmol 33, 6.75 mmol 11, 6.75 mmol
12, t = 15 h. [b] Determined by GC. [c] t = 24 h.
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the hydrogenation reaction at 110 ○C (entry 9) took place in a solvent with very similar
chemical compositions, viscosities and polarities as the pure mixture 11/12 (in entry 4).
Variation of hydrogen pressure between 10 and 30 bar had no significant influence on conver-
sion or selectivity (entries 6–8).
The unsaturated alcohol 35 was only observed in a small quantity in ‘OFF’ status at 50 ○C;
in all other cases only the saturated ketone 34 and alcohol 36 are detected. The results
give reason to believe that in all reactions the C=C bond is hydrogenated prior to the C=O
bond. The switch from ‘OFF’ to ‘ON’ only results in a deceleration of the reaction with
no significant influence on the selectivity of the C=C versus C=O hydrogenation. Detailed
quantification of the changes in activities would require modifications of the experimental
setup to allow for kinetic measurements.
3.2.2. Hydrogenation of 1,3-cyclohexadiene
Next, the influence of the switchable solvent system on the hydrogenation of 1,3-cyclohexa-
diene (37) (Scheme 2.8) with catalyst 27 was investigated. The ruthenium precursor 27 and
a threefold excess of TPPMS were dissolved in a 1:1 mixture of 11 and 12 and transferred
to an autoclave. Again depending on the desired status of the solvent in the reaction, the
addition of the substrate and gases was performed differently. In the case of the ‘OFF’ status,
the substrate was added under argon atmosphere and afterwards the autoclave pressurised
with hydrogen and heated to the appropriate temperature. If the ‘ON’ status was desired,
the mixture was stirred under CO2 atmosphere for 10 minutes to form the ionic liquid, prior
to the addition of the substrate and pressurisation with the reaction gas.
37 38 39
Scheme 2.8: Desired products of the hydrogenation of 1,3-cyclohexadiene (37).
First, the hydrogenation of monoene 38 was tested in the ‘OFF’ and the ‘ON’ status. In the
‘OFF’ mode, full conversion towards 39 was obtained (Table 2.2, entry 1). On the other hand,
the hydrogenation in the ‘ON’ mode was not successful (entry 2). Increasing the reaction
time yielded a higher percentage of benzene as side product, decreasing the selectivity, but
no increase in conversion could be observed (entry 3).
Table 2.2.: Influence of solvent on the hydrogenation of cyclohexene (38) with [RuCl2(TPPMS)2]2
(27).a
Entry Solvent status t /h pH2 /bar pCO2 /bar Cv
b /% Selb /%
1 OFF 18 10 – >99 > 99
2 ON 18 10 40 2 > 99
3 ON 66 10 40 2 94
[a] 11 μmol 27, 33 μmol TPPMS, 1.05 mmol 38, 6.75 mmol 11, 6.75
mmol 12, T = 80 ○C. [b] Determined by GC.
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These results suggested that the selective hydrogenation of dienes could be possible in switch-
able solvent systems. In the ‘ON’ status, the monoene could be the main product whereas
the fully hydrogenated alkane could the main product in the mixture of base and alcohol
(‘OFF’ status).
To investigate this possible selective hydrogenation of dienes, diene 37 was used. The first
reactions were performed in both solvent status at low temperature (40 ○C), to ensure the
biggest possible shift of the equilibrium between the two solvents states (see IR measurements,
Figure 2.2). In both experiments only low conversions could be observed (Table 2.3, entry 1
and 2). Increasing the temperature to 80 ○C in ‘OFF’ status resulted in complete conversion
and high selectivity towards the fully hydrogenated product 39 (entry 3), showing that these
conditions do not allow for partial hydrogenation of 37. In contrast, changing the solvent
state from the low polar mixture 11/12 to the high polar, viscous ‘ON’ status the conver-
sion decreased by ca. 75% (entry 4–8) and monoene 38 was formed as major product. The
increase of the CO2 pressure has a minor influence on conversion and selectivity (entry 4–6).
The increase of H2 pressure leads to a change of the ratio between 38 and 39 towards the
fully hydrogenated product 39 but has almost no influence on the conversion (entries 6–8).
Increasing the reaction time to 66 hours did not increase the conversion of 37 significantly
(entry 9).
From the obtained results, it can be concluded that the hydrogenation reaction in the viscous
‘ON’ mode is significantly decelerated as compared with the outcome in the ‘OFF’ mode. In
particular, the consecutive hydrogenation of monoene 38 to 39 is less pronounced in the
‘ON’ mode explaining the preponderance of 38 in the product mixture. This is probably
caused by the large viscosity difference between the two solvent modes, leading to limited
mass transfer of H2 and substrate to the active catalyst complex in the ‘ON’ status. Overall,
no prominent selectivity change towards 38 could be observed in this status and the results
can be attributed to a general reduction of the rate of hydrogenation.
The obtained results show that the switch of the solvent state from a low polar mixture
Table 2.3.: Influence of solvent, temperature and pressure on the hydrogenation of 1,3-cyclohexadiene
(37) with [RuCl2(TPPMS)2]2 (27).
a
Entry Solvent status T /○C pH2 /bar pCO2 /bar Cv
b /% Selb /% 38 : 39
1 OFF 40 10 – 7 74 72 : 28
2 ON 40 10 40 9 98 69 : 31
3 OFF 80 10 – > 99 99 6 : 94
4 ON 80 10 20 21 84 72 : 28
5 ON 80 10 30 25 88 67 : 33
6 ON 80 10 40 18 93 80 : 20
7 ON 80 30 40 23 88 64 : 36
8 ON 80 50 40 29 90 51 : 49
9c ON 80 10 40 20 91 76 : 24
[a] 11 μmol 27, 33 μmol TPPMS, 1.05 mmol 37, 6.75 mmol 11, 6.75 mmol 12, t =
18 h. [b] Determined by GC. [c] t = 66 h.
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(‘OFF’ mode) to a high polar, viscous ionic liquid (‘ON’ mode) does not influence the se-
lectivity of the ruthenium catalyst significantly. It mainly influences the activity and mass
transfer of the substrates to the catalyst, consequently decreasing the conversion. Therefore,
the original question “can a switchable solvent system influence the selectivity of a catalyst?”
was approached differently. Due to the well-known mechanisms in the rhodium-catalysed hy-
drogenation and the acid-base sensitive equilibrium between the monohydride and dihydride
species (see Scheme 2.4), this reaction was next examined in the switchable solvent system.
3.3. Rhodium-catalysed hydrogenation of cyclohexadienes
It is generally accepted that the rhodium catalysed hydrogenation of dienes follows the “un-
saturated route” (see section II.1.3 and Scheme 2.5). The influence of addition of base on the
selectivity is the subject of the next section.
3.3.1. Hydrogenation in conventional solvents
To investigate the influence of base on the selective hydrogenation of a conjugated and non-
conjugated diene, the reaction was first performed in DMSO (see Scheme 2.9). The hydro-
genation was compared for four different rhodium complexes, including an allyl 41, a cationic
43 and two neutral complexes 43–44 (see Scheme 2.10), to find out whether the starting com-
plex has an impact on the outcome of the reaction.∗
37
38 39
40
Scheme 2.9: Possible products during the hydrogenation of 1,3-cyclohexadiene (37) and 1,4-
cyclohexadiene (40) in DMSO.
As shown in a preliminary earlier study, [68] the hydrogenation of the conjugated diene 37
with the allyl rhodium complex 41 gave complete conversion with remarkably high selec-
tivity towards the corresponding monoene 38. The observed side products were benzene,
formed by the dehydrogenation of 37, and small amounts of 1,4-cyclohexadiene (40), due to
isomerisation of 37 (Table 2.4, entry 1). The presence of an excess of the base quinuclidine
decreased the formation of side products and increased the selectivity towards 38 (entry 2).
To check whether the catalyst remains active after termination of the reaction, the obtained
solution from entry 2 was recharged with additional 37 and the reaction repeated under iden-
tical conditions (entries 2 and 3). Comparing the results shows that the catalyst is still active
∗The synthesis of the allyl rhodium complex 41 and its application in the selective hydrogenation were done
by Klaus Wittmann. [68] The obtained results are included for comparison with the other complexes.
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Scheme 2.10: Rhodium complexes 41–44, applied in the selective hydrogenation (P∩P = 1,3-
bis(diphenylphosphino)propane, DPPP).
although with some loss of activity, which is probably due to some deactivation of the catalyst
during the recharging of the autoclave with additional 37. Interestingly, the hydrogenation
of the diene is not inhibited by the presence of monoene in the reaction mixture.
Increasing the reaction time has little influence on the product distribution, ruling out that
the reaction was ended by chance at the maximal concentration of 38 (entry 4). The ratio
between 38 and 39 indicates that the monoene formed is hydrogenated extremely slowly as
compared to the diene and the presence of base did not alter the product distribution.
In contrast, the presence of base has an significant effect on the hydrogenation when the
cationic complex 42 is applied (entry 5–9). Using the in situ formed cationic complex (from
[Rh(cod)2]BF4 and dppp) in presence of base gives full conversion and high selectivity to-
wards the monoene 38 (entry 6). Without any base present about 20% more alkane 39 is
obtained (entry 5). Using the isolated cationic complex 42 in presence of a base, again full
conversion and high selectivity towards the monoene 38 are obtained (entry 8) but without
any base present, remarkably more alkane 39 was formed (entry 5 vs. 7). Similarly to the
Table 2.4.: Hydrogenation of 1,3-cyclohexadiene (37) with different rhodium-complexes.a
Entry Catalyst Base t / h Cvb /% Selb /% 38 : 39
1c 41 – 18 > 99 89 99 : 1
2c 41 quinuclidine 18 > 99 95 99 : 1
3c,d 41 quinuclidine 18 82 95 99 : 1
4c 41 quinuclidine 92 > 99 98 97 : 3
5c 42 – 18 > 99 99 79 : 21
6c 42 quinuclidine 18 > 99 99 98 : 2
7 42 – 18 > 99 99 24 : 76
8 42 quinuclidine 18 > 99 98 93 : 7
9 42 quinuclidine 66 > 99 98 92 : 8
10 43 – 18 > 99 97 37 : 63
11 43 quinuclidine 18 90 > 99 98 : 2
12 44 – 18 > 99 98 64 : 36
13 44 quinuclidine 18 > 99 98 96 : 4
[a] Reaction conditions: 5 μmol catalyst, 1.0 mmol 37, 2.0 mL DMSO,
1.35 mmol base, pH2 = 10 bar , T = 80
○C, t = 18 h. [b] Conversion
(Cv) and selectivity (Sel) towards 38 and 39 determined via GC. [c]
Reaction conditions: 50 μmol catalyst, 10 mmol 37, 20 mL DMSO,
13.5 mmol base, pH2 = 5 bar, T = 80
○C, t = 18 h; ref. 68. [d] entry
2 with additional 10 mmol diene.
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reaction with 41, prolonging the reaction time in presence of base has minor influence on
the composition of the product mixture, proving again that the reaction is not ended at the
maximal concentration of 38, but rather that the hydrogenation of 38 is almost inhibited
under the basic conditions (entry 9).
Similar results were obtained when the neutral complexes 43 and 44 were applied to this
reaction. Without any base present full conversion were obtained, where 43 shows a higher
activity towards 39 than 44, as shown in the ratio between 38 and 39 (entry 10 vs. 12). In
presence of a base, the activity of 43 is slightly reduced but still very high selectivity towards
the monoene 38 was observed, similarly to the results obtained with 42 (entry 11 vs. 8).
With 44 and the presence of a base full conversion is reached and again very high selectivity
towards 38 is observed, indicating that the base has a large influence on the selectivity of the
catalyst (entry 13).
Overall, the results show that the selectivity is largely influenced by the presence of base and,
hence, that the base has a great impact on the catalytic species formed in situ. Only the
allyl complex 41 led to the same selectivity towards 38 with as well without base. To explain
these results, the possible formation in situ of an allyl species will be discussed in section
3.3.3.
Next different nitrogen bases were tested in the hydrogenation of 37 with complex 42 (see
Table 2.5). Nitrogen bases may act as a co-ligand, influencing the reactivity and stability
of intermediates formed in the catalytic cycle. For comparison, the results obtained without
base and with quinuclidine are also included (entries 1–2). With all tested bases, full conver-
sion of 37 and high selectivities are achieved. In the case of DABCO, a higher percentage of
benzene was obtained due to dehydrogenation (entry 4). With all bases tested 38 was formed
preferentially and the highest selectivities were obtained with quinuclidine and DABCO. The
other bases exhibit a lower selectivity but all are in the same range (entry 3 vs. 5–7). Overall,
it can be concluded that the selectivity is almost independent of the base used and no direct
correlation between the selectivity and the corresponding pKa of the base can be observed.
Table 2.5.: Influence of base on the hydrogenation of 1,3-cyclohexadiene (37) with 42.a
Entry Base pKa(H2O)
c Cvb /% Selb /% 38 : 39
1 – – > 99 99 24 : 76
2 quinuclidine 11.0 > 99 98 93 : 7
3 DBU ≈ 12 > 99 97 85 : 15
4 DABCO 8.7 > 99 92 90 : 10
5 pyridine 5.2 > 99 97 82 : 18
6 NEt3 10.8 > 99 97 85 : 15
7 HNEt2 11.0 > 99 98 82 : 18
[a] Reaction conditions: 5 μmol catalyst, 1.0 mmol 37, 2.0 mL
DMSO, 1.35 mmol base, pH2 = 10 bar, T = 80
○C, t = 18 h. [b]
Conversion (Cv) and selectivity (Sel) towards 38 and 39 deter-
mined via GC. [c] from ref. 69
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Next the hydrogenation of non-conjugated diene 40 was examined (see Table 2.6). With the
allyl complex 41, nearly identical results as with 37 (Table 2.4, entry 2 vs. Table 2.6, entry
1) were reported. [68] Complex 42 gave similar results (entries 2–3), but is clearly less active
towards the non-conjugated diene as judged by the conversion and the ratio between 38 and
39. The presence of base again led to high selectivity towards the monoene 38. Without any
base present, complex 43 is less active in the hydrogenation of 40 compared to 37 leading to
a lower conversion and a higher ratio of 38. The presence of base does not have any influence
on the ratio between monoene and alkane (entries 4–5), however has a remarkable effect on
the activity leading to a higher conversion. These results suggest that the addition of base can
lead to an active species that is more active towards isomerisation of 40 to 37, followed by the
hydrogenation of latter to 38. Comparing the activities of this complex towards 37 and 40
(Table 2.4, entry 8 vs. Table 2.6, entry 5) shows an increased activity towards isomerisation.
This is not the case with complex 44, which is very active in the hydrogenation towards 39
without any base (entry 6). The presence of base reduces its activity but an increased amount
of alkane is observed (entry 7), thus the effect of base seems to have a smaller influence on
this complex during the hydrogenation. This is the highest percentage of alkane observed in
the presence of base for any of the complexes.
Table 2.6.: Hydrogenation of 1,4-cyclohexadiene (40) with different rhodium-complexes.a
Entry Catalyst Base Cvb /% Selb /% 38 : 39
1c 41 quinuclidine > 99 99 97 : 3
2 42 – 97 97 56 : 44
3 42 quinuclidine 92 97 90 : 10
4 43 – 94 98 82 : 18
5 43 quinuclidine 99 97 86 : 14
6 44 – 97 98 27 : 73
7 44 quinuclidine 91 97 61 : 39
[a] Reaction conditions: 5 μmol catalyst, 1.0 mmol 40, 2.0 mL
DMSO, 1.35 mmol base, pH2 = 10 bar, T = 80
○C, t = 18
h. [b] Conversion (Cv) and selectivity (Sel) towards 38 and 39
determined via GC. [c] Reaction conditions: 50 μmol catalyst,
10 mmol 37, 20 mL DMSO, 13.5 mmol base, pH2 = 5 bar, T
= 80 ○C, t = 18 h; ref. 68.
These results show that the complexes 41–44 are not limited to conjugated dienes. Most likely,
a monohydride species is formed under these conditions, well known for fast isomerisation
and hydrogenation reactions, [4,56] causing a fast isomerisation of 40 to 37, which is then
rapidly hydrogenated to 38 (for mechanistic considerations see section 3.3.3).
3.3.2. Concentration/time profiles
In the previous experiments, the hydrogenation was performed in a finger autoclave and,
after the desired reaction time was over, the product distribution was determined by GC.
These results can therefore not be used to draw any conclusions about the reaction rate or
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the concentration gradient of the individual components present during the reaction. To gain
a deeper insight, the hydrogenation was performed in a 100 mL autoclave with sampling de-
vice. The selective hydrogenation of 37 with complex 42 was examined with and without the
presence of the base quinuclidine. To obtain useful data, a ten-fold quantity of starting ma-
terials was used and the reaction temperature was lowered to 60 ○C. The concentration/time
profiles of 37, 38 and 39 are illustrated for the reaction without base (Figure 2.7) and with
base (Figure 2.8).
Without base, the concentration of the diene 37 shows a very short induction period, followed
by a steep decline with full conversion achieved within the first 1.5 hours. The concentration
of 38 increases with the same rate up to a maximum of 85% and decreases again to 35%
over 26 hours. The reaction was left for 50 hours, but no change in product distribution
could be observed. As soon as 50% of 37 has been hydrogenated to 38, the formation of
39 can be observed. After 1.5 hours at the maximum concentration of 38, the increase of
39 corresponds with the decrease of 38. The concentration profiles show a clear consecutive
reaction, with a high reaction rate for the first diene hydrogenation and a smaller reaction
rate for the subsequent monoene hydrogenation. Addition of extra 37 after 50 hours showed
that the catalyst remained active for the hydrogenation of 37 and was not inhibited by the
presence of the monoene 38 in the reaction mixture.
Figure 2.7.: Concentration profiles of 37, 38 and 39 in the hydrogenation of 1,3-cyclohexadiene
(37) with 42 in DMSO at 60 ○C (● 37, ◾ 38, ▵ 39).
The reaction rates of the hydrogenation in presence of base are clearly different if the concen-
tration profiles of 37, 38 and 39 in presence of base and without are compared (Figure 2.7
vs. Figure 2.8). In the presence of quinuclidine, the concentration of 37 decreases slowly in
the beginning of the reaction, before a steep decline can be observed. This slow decrease can
be interpreted as an induction period, an indication for the formation of an active species
from the rhodium precursor, under basic conditions. After about 3 hours, a maximum con-
centration of 94% of 38 is reached, slowly decreasing to 89% over 21 hours due to the very
slow formation of 39. No 39 is observed until 38 has reached its maximal concentration, but
even then is formed very slowly.
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Figure 2.8.: Concentration profiles of 37, 38 and 39 in the hydrogenation of 1,3-cyclohexadiene
(37) in presence of quinuclidine with 42 in DMSO at 60 ○C (● 37, ◾ 38, ▵ 39).
From the concentration profiles obtained, it can be concluded that in the presence of base,
the reaction rate for the hydrogenation of 37 is twice as slow as without any base present:
e.g. 50% conversion of 37 is reached after 1 hour without any base present, whereas with a
base present it takes 2 hours. The major difference, however, that the formation of alkane 39
is inhibited almost completely by the presence of a base, again an indication for the presence
of different active species.
3.3.3. Mechanistic considerations
Within this project, detailed investigations towards the elucidation of the exact hydrogena-
tion mechanism in presence of nitrogen containing bases have not been done. However, there
are sufficient hints which allows the formulation of a mechanism analogous to that for alkene
hydrogenation proposed by Schrock and Osborn (see Scheme 2.11 vs. Scheme 2.4). [56]
Similar to the known mechanism, two types of homogeneous hydrogenation catalysts are
considered: a dihydride (cationic, 45) and a monohydride (neutral, 46) catalyst. The cat-
alytic active species will be formed in the beginning of the reaction, during the induction
period. The hydrogenation of the sacrificial ligand in rhodium precursors 41 and 42 leads to
the formation of a bisphosphane-rhodium-hydride as the active species. A pre-treatment of
the precursor with H2 could probably eliminate the induction period, as has been shown for
rhodium catalysts in the CO2 hydrogenation.
[70] The formation of the active species from the
rhodium precursors 43 and 44 would be achieved by the hydrogenolytic removal of the acety-
lacetonate. Miyaura has reported about the possibility to generate an active catalyst species
in situ from [Rh(acac)(C2H4)2] with diphosphines in presence of base for the 1,4-addition of
arylboronic acids to α,β-unsaturated carbonyl compounds. [71–73]
The formed monohydride 46a and dihydride 45a are in an equilibrium, which can be shifted
by the addition of acid or base. The observed positive effect of an excess of base on the
selectivity can be explained by the deprotonation of the cationic dihydrides 45c and 45d
under formation of 46a and 46b, respectively. This effect will naturally be smaller in the
application of allyl precursors, such as 41, since the active species 46a can be formed directly
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through the hydrogenation of the allyl precursor. Furthermore, the nitrogen containing base
could act as a weak coordinating donor ligand stabilizing 46a, which is a 14-electron species
and therefore electronically and coordinatively highly unsaturated.
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Scheme 2.11: Proposed mechanism for the selective hydrogenation of diene 37 using rhodium-
complexes and base (right cycle) combined with the mechanism proposed by Schrock and Osborn (left
cycle).
For the hydrogenation without any base present, the diene (in Scheme 2.11 dashed bond is
C=C bond) coordinates to dihydride 45a giving rise to intermediate 45b, which after migra-
tory insertion of the hydride to the coordinated diene (45c) and subsequent hydrogenolysis
of the metal alkyl species yields the monoene and the active species 45d. Depending on the
order of entry of the hydrogen and the unsaturated compound in the coordination sphere of
the rhodium, two different routes the dihydride route (via 45a) or the unsaturated route (via
45e) are possible to reach the intermediate 45b.
When all diene has reacted, the monoene (in Scheme 2.11 dashed bond is C–C bond) can
coordinate to 45d followed by reaction with hydrogen or to the dihydride 45a giving rise
to intermediate 45b again, which yields the saturated alkane after migratory insertion and
subsequent hydrogenolysis.
The cationic or neutral complexes 42–44 give bigger percentages of saturated alkane through
the consecutive hydrogenation of monoene, which cannot be halted. This is in agreement
with the observations of Schrock and Osborn with the [Rh(nbd)dppe]PF6 system, where the
hydrogenation of dienes and monoenes is believed to proceed via a cationic dihydride species
45d.
For the hydrogenation with base present, we propose that a stoichiometric insertion of the
diene in the rhodium-hydride bond of 46a would lead to the η3-allyl-complex 46b. Such
an insertion accompanied by the formation of an allyl species has been known for a long
time. [74–76] In the next step, H2 is reacted to the allyl complex through oxidative addition,
giving the rhodium(III)-species 46c, which after reductive elimination liberates the monoene
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38 and regenerates the active species 46a. This hydrogenation is only possible for the hydro-
genation of dienes, since the insertion of the monoene in the rhodium-hydride bond of 46a
to form a η3-allyl-complex 46b is not possible. This would explain the observed selectivities
towards the monoene and the almost completely inhibited formation of the alkane.
3.3.4. Catalyst recycling in switchable solvent system
The big advantage of homogeneous over heterogeneous catalyst is the possibility to tune
the selectivity towards the synthesis of a particular desirable product by systematic molecu-
lar variation. However, for homogeneous catalysis the separation from the product mixture
can be extremely energy intensive and time consuming, preventing large-scale industrial pro-
cesses. [77,78] Increasing environmental concerns and diminishing supplies of raw materials and
energy sources make the search for effective catalyst recycling of increasing importance.
In the investigated hydrogenation of 37 in DMSO, the recycling of the active catalyst is not
possible, due to an acidic work-up and extraction with diethyl ether. One of the possible
strategies for the product separation and catalyst recycling would be a system where the ac-
tive catalyst and base stay in one phase, and the products can be extracted in another phase
with an unpolar solvent or supercritical carbon dioxide (scCO2). The switchable polarity
solvents previously introduced (see section I.5.1) comply with these conditions. Moreover,
they have a “built-in” base present, so no extra base needs to be added.
The applicability of this system for the hydrogenation of 37 with the cationic complex 42
was tested and the most important results are summarised in Table 2.7. The hydrogenation
in alcohol 12 gives complete conversion and, as expected, a high selectivity towards the fully
hydrogenated product 39 (entry 1). The reaction in the base 11 and a mixture of 11 with
12 (‘OFF’ mode) also gives complete conversions, but due to the presence of the base, the
main product obtained is the monoene 38, in both cases (entries 2 and 3).
With 10 bar CO2, thus preforming the hydrogenation in the ‘ON’ status, shows a large de-
crease in the conversion, but good selectivity towards 38 (entry 4). The low conversion in the
‘ON’ mode can be a result of the higher viscosity of 32 as compared with the mixture 11/12.
Table 2.7.: Hydrogenation of 1,3-cyclohexadiene (37) in the switchable solvent system 11/12.a
Entry Solvent status pH2 /bar pCO2 /bar Cv
b /% Selb /% 38 : 39
1 1-hexanol (12) 10 – > 99 92 0 : 100
2 DBU (11) 10 – > 99 96 88 : 12
3 OFF 10 – 99 99 88 : 12
4 ON 10 10 43 98 94 : 6
5 ON 10 40 94 99 92 : 8
6 ON 40 40 > 99 98 86 : 14
7 ON 70 40 > 99 98 85 : 15
8 ON 110 40 > 99 98 86 : 14
[a] Reaction conditions: 5 μmol 42, 1.0 mmol 37 (S/C = 200), 6.75 mmol 11,
6.75 mmol 12, T = 80 ○C, t = 18 h. [b] Conversion (Cv) and selectivity (Sel)
towards 38 and 39 determined via GC.
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Increasing the CO2-pressure leads to an increased conversion and the selectivity remains high
(entry 5). Increasing the H2-pressure from stepwise 10 to 110 bar leads to complete conver-
sion, but has no major influence on the selectivity (entries 5–8).
These results clearly demonstrate the possibility to perform the hydrogenation of 37 to 38 in
the ‘OFF’ and the ‘ON’ solvent status, while conserving the high monoene selectivity char-
acteristic of the “base” mechanism. These results underline again that also in the presence
of CO2 there is enough free base 11 for the typical selectivity towards 38.
Given the possibility to do the hydrogenation in both the mixture 11/12 (‘OFF’ mode) as
well as in the ‘ON’ mode, two possible hydrogenation/extraction methods were investigated
for the selective hydrogenation of 37 and 40 with the cationic complex 42 (see Figure 2.9).
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Figure 2.9.: General hydrogenation/extraction scheme for the hydrogenation in the switchable polarity
solvent system.
In method A, the hydrogenation is carried out in ‘ON’ mode at 80 ○C with 10 bar H2 and 40
bar CO2. After the reaction, the pressure of CO2 is raised to supercritical conditions and the
extraction is done at 40 ○C for 3 hours. Under CO2 atmosphere, the autoclave is recharged
with new diene and H2 and the next reaction is performed in the ‘ON’ mode again. To test
this method, four cycles with substrates 37 (Table 2.8, entries 1–4) and 40 (Table 2.9, entries
1–4) were accomplished.
In method B, the hydrogenation is done in the mixture 11/12 (‘OFF’ mode) at 80 ○C and
10 bar H2. After the reaction, the products are extracted with scCO2 at 40
○C for 3 hours,
while the catalyst remains in the ionic liquid 32 from the ‘ON’ mode. The switch back to
the mixture 11/12 (‘OFF’ mode) is done under argon flow at 50 ○C for 1 hour and then
the autoclave is recharged with new substrate and H2. To test the method, four cycles with
substrates 37 (Table 2.8, entries 5–8) and 40 (Table 2.9, entries 5–8) were conducted.
Comparing, methods A and B for 1,3-cyclohexadiene (37) (Table 2.8) shows that in method
A, a high conversion and selectivity was obtained in the first cycle, but the conversion dropped
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Table 2.8.: Hydrogenation of 1,3-cyclohexadiene (37) and catalyst recycling using methods A and
B.a
Entry Cycle Method Solvent status Cvb /% Selb /% 38 : 39
1 1 A ON 91 97 97 : 3
2 2 A ON 77 97 98 : 2
3 3 A ON 56 91 97 : 3
4 4 A ON 21 88 97 : 3
5 1 B OFF > 99 95 90 : 10
6 2 B OFF 99 97 95 : 5
7 3 B OFF 97 97 94 : 6
8 4 B OFF 99 91 91 : 9
[a] Reaction conditions: 5 μmol 42, 1.0 mmol 37 (S/C = 200), 6.75
mmol 11, 6.75 mmol 12, T = 80 ○C, t = 18 h, pH2 = 10 bar, pCO2 = 40
bar. Extraction conditions: T = 40 ○C, pCO2 = 140–150 bar, t = 3 h.
[b] Conversion (Cv) and selectivity (Sel) towards 38 and 39 determined
via GC.
significantly during the following 3 cycles. The selectivity towards 38 remained high with 97%
over the 4 cycles (only a minor decrease could be observed). The obtained reaction mixture
after 4 cycles had turned from yellow to brown, clearly indicating decomposition of the active
catalyst, which in turn, reflects in the decreasing conversion (entries 1–4). Switching to
method B clearly increased the recyclability of the catalyst, while preserving a high activity.
The catalyst shows a very high conversion and selectivity towards 38 over 4 cycles, although
the formation of the dehydrogenation side product benzene increases slightly in the 4th cycle
(entries 5–8).
Regarding the results obtained when the two methods were used with 1,4-cyclohexadiene (40)
(see Table 2.9), it becomes clear that this solvent system is not ideal for the hydrogenation
of this particular non-conjugated diene. Similar to 37, the conversions and selectivities
Table 2.9.: Hydrogenation of 1,4-cyclohexadiene (40) and catalyst recycling using methods A and
B.a
Entry Cycle Method Solvent status Cvb /% Selb /% 38 : 39
1 1 A ON 10 66 87 : 13
2 2 A ON 9 69 90 : 10
3 3 A ON 8 59 74 : 26
4 4 A ON 7 54 81 : 19
5 1 B OFF 49 94 87 : 13
6 2 B OFF 17 85 87 : 13
7 3 B OFF 12 80 85 : 15
8 4 B OFF 12 79 89 : 11
[a] Reaction conditions: 5 μmol 42, 1.0 mmol 40 (S/C = 200), 6.75
mmol 11, 6.75 mmol 12, T = 80 ○C, t = 18 h, pH2 = 10 bar, pCO2 = 40
bar. Extraction conditions: T = 40 ○C, pCO2 = 140–150 bar, t = 3 h.
[b] Conversion (Cv) and selectivity (Sel) towards 38 and 39 determined
via GC.
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towards 38 are higher in the mixture of 11/12 than in the ionic liquid 32, however still very
low. Nevertheless, high selectivity towards 38, due to the presence of a base, is repeatedly
reached.
3.3.5. Comparison with known systems
The selective hydrogenation of dienes, especially conjugated dienes, has attracted extensive
attention over the last decades and yet, up to date only a small number of homogeneous cat-
alysts have been reported to be selective for these reaction systems. [40] In this section some
homogeneous systems will be introduced and compared to the previously discussed system.
In 1968, Miyaka and Kondo reported about the chromcarbonyl species [HCr(CO)3(Cp)] that
hydrogenates conjugated double bonds but no olefins with isolated C=C bonds. [79] For 1,3-
cyclohexadiene a selectivity of 100% towards cyclohexene was found, other dienes showed
lower selectivities.
Strohmeier and Weigelt found that the Vaska complex [IrCl(CO)(PPh3)2] can also be used as
catalyst for the selective hydrogenation of dienes with conjugated and non-conjugated double
bonds. [80] They observed that the reaction rate of the diene hydrogenation can be increased
by factors of 2.5 and 10 under weak UV irradiation, while the reaction rate of the monoene
hydrogenation remains constant. With 1,3-cyclohexadiene yields upto 90% and selecitivities
upto 98% without formation of cyclohexane were achieved. However, to achieve high yields
of monoene the reaction has to be terminated after one equivalent of hydrogen has reacted,
since the monoene hydrogenation is not inhibited.
Another example, where the difference in hydrogenation rates is used to selectively obtain
the monoene was reported by the group of Rothwell. [81] They showed that the Niob complex
[Nb(OAr)2Cl(η
4−C6H8)] only produces cyclohexane after all of the 1,3-cyclohexadiene has
been converted to cyclohexene.
Also rhodium complexes, such as the Osborn catalyst [Rh(NBD)L2]X (NBD = norbornadi-
ene, L = chelating diphosphine, X = weakly coordinating anion), have been applied for the
selective hydrogenation of 1,3- and 1,4-cyclohexadiene. [57] Selectivities upto 98% of cyclohex-
ene were reached, however, the reactions were stopped after one equivalent of hydrogen had
been absorbed. The reaction is not chemoselective, since the absorbtion of more than one
equivalent of hydrogen leads to cyclohexane. Increasing selectivity of the Osborn catalyst has
been achieved with the use of ionic liquids based on 1-n-butyl-3-methylimidazolium salts. [82]
The diene is five times more soluable in the ionic liquid than the cyclohexene, which leads to
a biphasic system during the course of the reaction and potentially improves the selectivity
of the hydrogenation. [83]
This kind of physical separation methode has also been applied in the palladium-catalysed
hydrogenation of 1,3- and 1,4-cyclohexadiene. [84] With the complex Pd(acac)2 in 1-n-butyl-3-
methylimidazolium tetrafluoroborate (BMI.BF4) selectivities upto 95% were reported. The
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product phase separates from the ionic catalytic phase during the reaction and can easily be
separated by decantation after which the ionic cataltic phase can be recycled.
The selectivities obtained in the system introduced in this thesis can compete with these
known systems. The great advantage of the introduced system is the chemoselectivity of
the catalyst towards the monoene, whereas the selectivities of the known systems mainly
result from a physical separation or stopping the reaction at maximum concentration of the
monoene. The chemoselectivity found in this system makes termination of the reaction at
maximum concentration of the monoene therefore unnecessary.
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4. Summary and conclusion
The equilibrium of the switchable solvent system DBU/1-hexanol (11/12) with CO2 leading
to the ionic liquid 32 has been investigated in detail with in situ IR spectroscopy and high
pressure NMR spectroscopy. It could be observed that, under elevated CO2 pressures, the
influence of temperature plays a significant role on the equilibrium. With in situ IR spec-
troscopy it could be shown that increasing the temperature of the ionic liquid 32 under 35
bar of CO2 pressure shifts the equilibrium back towards the free base 11 and alcohol 12, at
110 ○C and 40 bar CO2 to such an extent that only 36% of the ionic liquid 32 remains. The
same phenomenon was observed in the high pressure NMR measurements, where the ionic
liquid 32 was heated under 35 bar of CO2 upto 80
○C. These measurements make it obvious
that the free base 11 is always present at higher temperatures, therefore reactions performed
in the switchable solvent system have to be compatible with free base present. Side reactions
which are promoted by the free base could in principle, become of an increasing limitation in
the use of this system at increased temperatures. To describe the different solvent status of
the switchable solvent, the ‘OFF’ (without CO2 present) and the ‘ON’ (with CO2 present)
status were introduced.
To examine the potential in synthesis of the characterised switchable solvent system, the
chemoselective homogeneous hydrogenation of carbonyl functions and of dienes catalysed by
ruthenium was investigated. As catalyst system, the precursor [(RuCl2(TPPMS)2)2] (27)
with a threefold excess of TPPMS, was used in the hydrogenation of the α,β-unsaturated ke-
tone 2-cyclohexen-1-one (33) and unsaturated alkenes cyclohexene (38) and 1,3-cyclohexadiene
(37).
In the hydrogenation of 33, full conversion to the completely hydrogenated product cyclo-
hexanol (36) in the ‘OFF’ mode was achieved. Switching to the ‘ON’ mode resulted in a
deceleration of the reaction (conversions decreasing from 93 to 48%), but no increase in ac-
tivity and selectivity towards the C=O bond compared to the C=C bond (no cyclohexenol
(35)) was observed. Similar behaviour was observed for the hydrogenation of diene 37. The
ruthenium-catalysed hydrogenation of the different substrates clearly showed that the sole
switch of the solvent state from a low polar mixture (‘OFF’) to a high polar, viscous mixture
(‘ON’), did not strongly influence the chemoselectivity (C=O vs. C=C or diene vs. monoene)
of the catalyst. The large viscosity switch mainly influenced the activity and mass transfer
of the substrates to the active catalyst complex, consequently decreasing the conversion.
Therefore, a catalytic hydrogenation reaction which is influenced by the presence of a base
was sought-after. The rhodium-catalysed selective hydrogenation of dienes with and without
the presence of the base quinuclidine was investigated in DMSO with 4 different rhodium com-
plexes 41–44. The best results were obtained with the cationic complex 42, which gave high
conversions (> 99%) and high selectivity (99%) towards the partially hydrogenated product
cyclohexene (38) in presence of quinuclidine, starting from the conjugated 1,3-cyclohexa-
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diene (37). Without any base present, the fully hydrogenated product cyclohexane (39)
was obtained as the main product indicating a clear effect of the base on the selectivity of
the reaction. The influence of different bases was examined, but the high selectivity seems
independent to the nature of the base and its pKa value. In the hydrogenation of the non-
conjugated 1,4-cyclohexadiene (40) the best results were again obtained with the cationic
complex 42, with conversions of > 99% and selectivities towards 38 of 90%. This showed
that the active species is also efficient in the isomerisation followed by the selective hydro-
genation.
Concentration profiles for the hydrogenation of diene 37 with the cationic rhodium complex
42 were determined with and without the presence of quinuclidine and showed that in pres-
ence of the base the formation of the fully hydrogenated product 39 is largely inhibited and
the reaction rate of the diene hydrogenation decreases by half compared to no base present.
To explain these results, the shift between the mono- and the dihydride mechanisms known
for the rhodium-catalysed hydrogenation was used for mechanistic considerations. Based on
the monohydride mechanism, a mechanism for the hydrogenation in presence of base was
proposed, involving a monohydride and an allyl species as active species.
To immobilise the base, important for the selectivity, and the catalyst, crucial for the activity,
the hydrogenation of 37 with rhodium complex 42 was performed in the switchable solvent
system 11/12. In both solvent states high conversions (ranging from 94 to > 99%) and
selectivities (> 98%) towards the monoene 38 were obtained. The catalyst recycling was
tested in two different methods. In the preferred method, the hydrogenation was done in the
mixture 11/12 (‘OFF’ mode). Subsequent switching to the ‘ON’ mode by introducing CO2
facilitated the immobilisation of the base and catalyst, while the product could be extracted
using supercritical CO2. The catalyst and the base could successfully be recycled 4 times
with remaining high activities (conversions ranging from 97 to 99%) and selectivities (91 to
97%).
In conclusion, the switchable solvent system was applied as solvent and controlling factor in
the chemoselective hydrogenation of dienes with rhodium precursors. The controlling factor
in the selectivity of this system is the base 11 present, but the interaction between CO2
and amine is used for the facile separation of the product and catalyst recycling. The great
advantage of the introduced system is that the hydrogenation of the monoene towards the
alkane is almost completely inhibited and therefore no exact termination of the reaction (e.g.
stopping the reaction after 1 equivalent of H2 has reacted) is needed to obtain such high
selectivities towards the monoene. Therefore the selectivities obtained in this system can
compete with the systems reported in literature.
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5. Experimental
5.1. General
5.1.1. Working in inert atmosphere
All manipulations involving moisture- and oxygen-sensitive compounds were carried out under
inert atmosphere using standard Schlenk techniques, or a standard argon-filled glove box
(MBraun LabMaster SP). Argon 4.8 (Messer, Germany) was used as inert gas, which was
further purified by MB 100-HP of M. Braun Inertgas-Systeme GmbH. Carbon dioxide
4.5 (99.995%, Westfalen Gas, Mu¨nster) and hydrogen 5.5 (UltraPure, Air Products,
Bochum) were used as reaction- and inert gas. All gases were supplied with an in-house
gas supply system from Dra¨ger AG. Glassware was cleaned with acetone, consecutive
immersion in isopropanol/KOH and diluted aqueous HCl, and rinsing with deionised water.
Prior to use, all glassware was dried at 400 ○C with a heatgun under vacuum (1 x 10−3 mbar),
evacuated 3 times and flushed with argon. Metal parts of the high pressure equipment were
cleaned by sonication in dichloromethane, brushing in acetone and drying with compressed
air.
5.1.2. Purification and drying of solvents
Toluene, n-pentane and dichloromethane were degassed with argon and dried passing through
columns filled with aluminium oxide (preheated for 5h at 375 ○C) prior to usage using a solvent
purification system from Innovative Technology, then stored over activated molecular
sieves 4A˚. Tetrahydrofurane and diethyl ether were dried over KOH, distilled under reduced
pressure, stored over activated molecular sieves 4A˚ and degassed prior to use by bubbling
argon through the solvent with a frit for 3h. Ethanol and acetone were distilled under reduced
pressure, stored over activated molecular sieves 3A˚ and degassed prior to use. Extra dry
dimethylsulfoxide (99.7 %) was used as received from Acros Organics. The residual water
content was determined with a Karl-Fischer-Titration using aMetrohm 756 KF Coulometer
with a Hydranal AG-solution. The maximal water content was < 50 ppm. Deuterated solvents
CDCl3, d8-THF, CD3OD and d6-DMSO were stored over activated molecular sieves and
degassed via three freeze-pump-thaw cycles. D2O was also degassed via three freeze-pump-
thaw cycles. Deionised water was taken from a reverse-osmotic purification system (Werner
EasyPure II) and degassed prior to use.
5.1.3. Chemicals
All chemicals were purchased from commercial sources and used as received, unless other-
wise indicated. 1,8-Diazabicyclo[5.4.0]undec-7-ene (11, DBU) was pre-dried with CaH2, then
distilled and stored over molecular sieves 4A˚. 1-Hexanol (12) was distilled and stored over
molecular sieves 4A˚. 1,3- and 1,4-cyclohexadiene (37 and 40) were distilled under reduced
pressure and stored under argon at –18 ○C.
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5.2. Analysis
5.2.1. NMR spectroscopy
The NMR spectra were recorded with a Bruker AV-600 (1H: 600 MHz, 13C: 151 MHz, 31P:
243 MHz) or a Bruker AV-400 (1H: 400 MHz, 13C: 101 MHz, 31P: 162 MHz) spectrometer,
at room temperature. The calibration of the 1H-NMR spectrum was based on the residual
solvent signal (δ(CHCl3) = 7.26 ppm and
13C-NMR δ(CDCl3) = 77.16 ppm, respectively).
The 31P-NMR chemical shifts are referenced to 85% H3PO4 as external standard. Chemical
shifts δ are given in ppm and coupling constants J in Hz. The following abbreviations are
used to describe the first order spin multiplicities: singlet (s), doublet (d), triplet (t), and
quadruplet (q). Couplings of higher order or overlapped signals are denoted as multiplet
(m), broadened signals as (br) and virtual coupling as (v). Assignments are done based on
attached proton tests (ATP) and 2D-correlation spectroscopy (HSQC and HMBC).
High pressure measurements (HP-NMR) were done in a 5 mm sapphire tube (id = 3.4 mm,
V = 0.87 mL) glued into a titanium head connected to an electronic pressure reader. The
pressurised tube was equipped with a wide-bore spinner and on a string manually lowered into
the magnet. The sample was measured unlocked, shimmed manually and data acquisition
taken without spinning, with minimal delay. Spectra were automatically baseline- and phase-
corrected and peaks integrated manually.
5.2.2. Gas Chromatography (GC)
GC analysis of catalytic hydrogenation reactions with 2-cyclohexen-1-one (33) was performed
on a Sichromat from Siemens, using a polar CP-WAX-52CB capillary column (l = 60 m,
id = 0.25 mm, tf = 0.25 μm), the temperature program (50–250 ○C, 5 min at 50 ○C, heating
8 ○C/min to 250 ○C and holding 15 min) with 2 mLN min
−1 He flow, a flame ionisation
detector at 250 ○C and a detection range of 10. Retention times (tr) and correction factors
(Cf ) are listed in Table 2.10.
Table 2.10.: GC retention times and correction factors of relevant compounds.
compound tr / min Cf
mesitylene 11.19 1.00
cyclohexanone (34) 13.13 1.20
cyclohexanol (36) 15.26 1.25
2-cyclohexen-1-one (33) 16.57 1.12
2-cyclohexen-1-ol (35) 16.78 1.17
GC analysis of catalytic hydrogenation reactions with 1,3-cyclohexadiene (37) was performed
on a Focus from Thermo, using a CP-Sil-Pona capillary column (l = 50 m, id = 0.21 mm,
tf = 0.50 μm), the temperature program (35–250 ○C, 15 min at 35 ○C, heating 20 ○C/min
to 250 ○C and holding 15 min) with 2.0 mLN min
−1 He flow, a flame ionisation detector at
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250 ○C and a detection range of 10. Retention times (tr) and correction factors (Cf ) are
listed in Table 2.11.
Table 2.11.: GC retention times and correction factors of relevant compounds.
compound tr / min Cf
benzene (47) 9.13 0.94
cyclohexane (39) 9.66 1.05
1,3-cyclohexadiene (37) 9.84 1.07
cyclohexene (38) 10.77 1.02
1,4-cyclohexadiene (40) 12.79 1.01
toluene 17.25 1.00
5.2.3. Infrared spectroscopy (ATR-mIR)
All IR spectra were measured and recorded using a fibre-optic mIR probe (Infrared Fibre
Sensors, Germany), which is a custom-made gold coated Hastelloy shaft with a diamond
ATR-prism as internal reflection element (IRE) resisting pressures of up to 200 bar and tem-
peratures of up to 170 ○C. The IR probe is connected to a Matrix-MF multiplex spectrometer
(Bruker Optik GmbH, Germany). All IR spectra were recorded from 650 to 4000 cm−1
with 32 scans and a resolution of 4 cm−1 with the program Opus 6.5. Standard abbreviations
(s = strong, m = medium, w = weak, br = broad, and shp = sharp) are used to describe
the absorption bands. Spectra under pressure were measured in a specially equipped 30 mL
window autoclave constructed by the mechanical workshop at the Institut fu¨r Technische und
Makromolekulare Chemie (ITMC).
5.3. Working with compressed gases
5.3.1. Safety warning
Operators of high pressure equipment such as the one required for these experiments should
take proper precautions, including but not limited to the use of blast shields and pressure
relief mechanisms, to minimize the risk of personal injury.
5.3.2. Apparatus specification
The autoclaves used were constructed out of stainless steel (steel grade 1.4571, V4A) by the
mechanical workshop at the Institut fu¨r Technische und Makromolekulare Chemie (ITMC).
All accessories, such as fittings, tubings, valves and pressure gauges were purchased from
commercial sources. The norm-fittings of the firms Hoke and HyLok were used and are
compatible with each other.
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5.3.2.1. Finger autoclave
The catalytic hydrogenation reactions in common solvents were performed in a 10 mL finger
autoclave, as shown in Figure 2.10. The autoclave is equipped with an analogue pressure
gauge and a needle valve. The needle valve enables the evacuation and filling with gas.
An additional inlet enables the charging of liquids under inert atmosphere. Metal-catalysed
reactions were performed in a glass inlet inserted into the finger autoclave, and were heated
in an oil bath.
Figure 2.10.: Engineering drawing of a 10 mL finger autoclave; 1) reaction chamber, 2) inlet, 3)
pressure gauge and 4) needle valve.
5.3.2.2. Window autoclave
The catalytic hydrogenation reactions in switchable solvent systems and the recycling experi-
ments were performed in a 12 mL window autoclave, as shown in Figure 2.11. The autoclave
is equipped with 2 windows made from conic thick glass borosilicate embedded in a metal
ring opposing each other, an electronic pressure gauge, thermocouple and a needle valve. The
latter enables the evacuation and filling with gas. An additional inlet enables the charging of
liquids under inert atmosphere. The autoclave is heated from the bottom on a heating plate.
The autoclave can handle pressures up to 400 bar and temperatures up to 120 ○C.
Figure 2.11.: Engineering drawing of the 12 mL window autoclave; 1) reaction chamber, 2) pressure
gauge, 3) inlet, 4) needle valve and 5) conical high pressure windows.
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5.3.2.3. Window autoclave with ATR-mIR-probes
To do ATR-mIR-measurements under pressure, a 30 ml window autoclave with ATR-mIR-
probes was used, as shown in Figure 2.12. The main body is equipped with 2 borosilicate glass
windows opposing each other, an electronic pressure gauge, thermocouple and two inlets, one
for gases and the other for liquids and solids. This design enables the transfer of liquids under
inert atmosphere into the autoclave. An outlet at the bottom enables a simple discharging
and cleaning of the reactor. Stirring is conducted via a shaft drive stirrer with agitator
speed control (Premex). The autoclave is heated from the bottom on a heating plate. The
autoclave with its accessories can handle pressures up to 250 bar and temperatures up to
100 ○C. Two process compatible immersion probes for ATR-mIR spectroscopy are installed
at two different positions in the reactor. One enters from the top and can monitor the upper
half of the reactor content, while a second one is introduced horizontally at the bottom and
can monitor the lower half of the reactor content. This autoclave was used in collaboration
with the group of Prof. Liauw. [63]
Figure 2.12.: Engineering drawing of the 30 mL window autoclave with IR- and UV-Vis-probes;
1) reaction chamber, 2) ATR-mIR probe, 3) outlet, 4) mechanical stirrer, 5) conical high pressure
windows and 6) inlet.
5.3.2.4. Autoclave with sampling device
To monitor the concentration profiles of the catalysis, a 100 mL autoclave with sampling
device was used, as shown in Figure 2.13. The autoclave consists of reaction chamber with a
sample outlet at the bottom and a top cover, which contains all required valves and accessories.
The top cover and reaction chamber are connected with 6 socket head cap screws and a
replaceable metal ring is used as seal. The sample outlet on the reaction chamber consists
of two ball valves with a small volume in between, which enables sample taking while the
autoclave remains under pressure. The top cover contains a ball valve for the gas inlet, a
blow-out disc as security precaution, an electronic pressure gauge, a thermocouple to measure
the internal temperature and a needle valve for gas outlet. An additional inlet enables the
transfer of liquids under inert atmosphere into the autoclave. The autoclave is heated with a
heating mantel (Jeka), which is regulated by an Eurotherm controller. The temperature
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control is done by the mantel temperature; the internal temperature is monitored also. The
reaction mixture is stirred by a shaft drive stirrer with agitator speed control (Premex).
Figure 2.13.: Engineering drawing of the 100 mL autoclave with sampling device; 1) reaction chamber,
2) sample outlet, 3) thermocouple and pressure gauge, 4) inlet and 5) mechanical stirrer.
5.4. Synthesis
5.4.1. (meta-Sodium sulfonatophenyl)-diphenylphosphine (TPPMS)
P SO3Na
C18H14NaO3PS (364.3 g/mol)
1
2
3
4
6'2'
3' 5
6
7
8
7'
1
2'2
3 3'
4
Under inert atmosphere, triphenylphosphine (10.0 g, 38.1 mmol) was added in small portions
as a solid to degassed fuming sulfuric acid (17 mL, 30% of free SO3) cooled in an ice bath.
The ice bath was removed after complete addition and the mixture stirred until the phosphine
had completely dissolved. The homogeneous mixture was heated to 97 ○C for 75 min, then
allowed to cool down to room temperature and poured on crushed ice (200 g). The pH of
the milky reaction mixture was increased to 4–5 using 50% sodium hydroxide solution. The
white precipitate was filtered and recrystallized twice from milli-Q water (200 mL and 30
mL) at 90 ○C, cooled down in the oil bath and then in the refrigerator overnight. Remaining
unreacted starting material was removed by washing the white precipitate with toluene and
drying in vacuo.
Yield: 4.9 g (35 %)
1H-NMR (400 MHz, CD3OD): δ = 7.20–7.33 (m, 5H, H: 2, 2’, 6), 7.32–7.38 (m, 6H, H:
3, 3’, 4), 7.41 (t, J ≈ 7–8 Hz, 1H, H: 7), 7.83 (t, J = 7.0 Hz, 2H, H: 6’, 8) ppm.
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13C-NMR (101 MHz, CD3OD): δ = 127.5 (s, C: 5), 129.6 (d, JPC = 6.6 Hz, C: 8), 129.8
(d, 3JPC = 7.3 Hz, C: 3, 3’), 130.1 (s, C: 4), 131.9 (d, JPC = 21.7 Hz, C: 7), 134.8 (d,
2JPC
= 19.7 Hz, C: 2, 2’), 136.3 (d, JPC = 18.7 Hz, C: 6’), 138.0 (d,
1JPC = 10.8 Hz, C: 5), 139.6
(d, JPC = 14.0 Hz, C: 6), 146.6 (d, JPC = 6.4 Hz, C: 7’) ppm.
31P(1H)-NMR (162 MHz, CD3OD): δ = – 5.1 (s) ppm.
Literature: according to Bakos. [85]
5.4.2. Dichloro-bis-[(meta-sodium sulfonatophenyl)-diphenylphosphine]
ruthenium (27, [RuCl2(TPPMS)2]2)
C72H56Cl4Na4O12P4S4Ru2 (1801.3 g/mol)
Ru
Cl
Ru
Cl
TPPMS
TPPMS
Cl
TPPMS
TPPMS
Cl
Dry THF (20.0 mL) was deoxygenated by refluxing in an argon-stream for 10 min in a 100 mL
Schlenk flask. A solution of [RuCl2(PPh3)3] (384.0 mg, 0.4 mmol) in THF (6.0 mL) was added
to the boiling THF (70 ○C) and dissolved completely. Then, a solution of TPPMS (385.8 mg,
1.0 mmol) in hot THF (6.0 mL) was added upon which immediately a light brown precipitate
formed. The reaction mixture was refluxed for 1 h, cooled in an ice bath for 5 min and then
stirred at room temperature for 30 min. The brown precipitate was collected by filtration,
washed with cold THF (3 x 4 mL), first dried in an argon stream and then in vacuo overnight.
Yield: 315.8 mg (44 %)
1H-NMR (400 MHz, D2O): δ = 6.52–6.78 (m, 10 H), 6.78–7.04 (m, 21 H), 7.04–7.36 (m,
15 H), 7.70 (br s, 6 H), 7.92–8.12 (br m, 4 H) ppm.
31P(1H)-NMR (162 MHz, D2O): δ = 54.9 (s) and 54.0 (s) ppm.
Literature: according to Joo´. [86]
5.4.3. Cis-cis-(1,5-cyclooctadiene)-1,3-bis(diphenylphosphino)propane rhodium
tetrafluorborate (42, [Rh(cod)(dppp)]BF4)
C31H38BF4P2Rh (710.3 g/mol)
Rh
P
P
Ph
Ph Ph
3
43
4
2
1
2
5
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6
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4
To a solution of [Rh(cod)(acac)] (62.0 mg, 0.2 mmol) in THF (4.0 mL), HBF4⋅Et2O (27.2
μL, 0.2 mmol, 51%) was added at room temperature. After 30 minutes, a solution of 1,3-
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bis(diphenylphosphino)propane (dppp, 82.4 mg, 0.2 mmol) in THF (4.0 mL) was added
dropwise, upon which the yellow solution turned orange. After 10 minutes, an orange solid
started to precipitate. After 1 hour, the solution was concentrated under reduced pressure
to 3 mL and further precipitation was achieved by addition of diethyl ether (10 mL). The or-
ange solid was collected by filtration, washed with diethyl ether (3 x 5 mL) and dried in vacuo.
Yield: 125.4 mg (89 %)
1H-NMR (400 MHz, CDCl3): δ = 1.89–2.10 (m, 2H H: 1), 2.17–2.33 (m, 4H, H: 4),
2.39–2.57 (m, 4H, H: 4), 2.85 (br s, 4H, H: 2), 4.60 (s, 4H, H: 3), 7.30–7.44 (m, 12H, H: 6, 8),
7.44–7.61 (m, 8H, H: 7) ppm.
13C-NMR (101 MHz, CDCl3): δ = 18.5 (s, C: 1), 24.2 (d, JPC = 17.8 Hz, C: 2), 30.5 (s,
C: 4), 99.9 (s, C: 3), 129.1 (vt, Δν = 9.6 Hz, C: 6), 131.1 (s, C: 8), 133.1 (vt, Δν = 10.6 Hz,
C: 7) ppm.
31P(1H)-NMR (162 MHz, CDCl3): δ = 9.9 (d, JPRh = 140.7 Hz) ppm.
Literature: adapted from Francio` and Leitner. [87]
5.4.4. Acetylacetonato-(1,3-bis(diphenylphosphino)propane) rhodium (43,
[Rh(acac)(dppp)])
Rh
P
P
Ph
Ph Ph
C32H35O2P2Rh (614.5 g/mol)
O
O
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To a solution of [Rh(cod)(acac)] (93.4 mg, 0.3 mmol) in THF (5.0 mL), a solution of 1,3-
bis(diphenylphosphino)propane (dppp, 124.1 mg, 0.3 mmol) in THF (5.0 mL) was added
dropwise and stirred for 30 min at 65 ○C. Removal of the solvent under reduced pressure gave
a yellow solid, which was dried in vacuo.
Yield: 164.6 mg (89 %)
1H-NMR (400 MHz, d8-THF): δ = 1.48 (s, 6H, H: 5), 1.75–1.86 (m, 2H, H: 1), 2.19–2.31
(m, 4H, H: 2), 5.13 (s, 1H, H: 4), 7.14–7.29 (m, 12H, H: 8, 9), 7.66–7.77 (m, 8H, H: 7) ppm.
13C-NMR (101 MHz, d8-THF): δ = 20.8 (s, C: 1), 27.1 (s, C: 5), 29.0 (vt, Δν = 37.9 Hz,
C: 2), 99.0 (d, JPC = 2.3 Hz, C: 4), 127.8 (vt, Δν = 9.6 Hz, C: 9), 129.1 (s, C: 8), 134.2 (vt,
Δν = 10.4 Hz, C: 7), 137.8 (vt, Δν = 40.4 Hz, C: 6), 184.3 (s, C: 3) ppm.
31P(1H)-NMR (162 MHz, d8-THF): δ = 37.3 (d, JPRh = 181.3 Hz) ppm.
Literature: in the style of Francio`. [87]
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5.4.5. Chloro-(chloromethyl)-acetylacetonato-(1,3-bis(diphenylphosphino)-
propane) rhodium (44,
[RhCl(CH2Cl)(acac)(dppp)])
C33H35Cl2O2P2Rh (699.4 g/mol)
Rh
P
PO
O
Cl
CH2Cl
Rh
P
CH2ClO
O
Cl
P
P
P
asymmetricsymmetric
P
P Ph
Ph
Ph
=5
3
4
3
5
10 5
5
3
4
3
6
2
2
1
88
7 7
9
10
To a solution of [Rh(CO)2(acac)] (93.1 mg, 0.3 mmol) in CH2Cl2 (2.0 mL), a solution of 1,3-
bis(diphenylphosphino)propane (dppp, 82.5 mg, 0.2 mmol) in CH2Cl2 (2.0 mL) was dropwise
added, upon which the pale yellow solution turned orange and gas formation was observed.
The solution was stirred for 1 h and then the solvent was removed under reduced pressure.
A yellow solid was obtained and dried in vacuo.
Yield: 103.8 mg (84 %)
Ratio (symmetric : asymmetric): 1 : 0.25
1H-NMR (400 MHz, CDCl3): δ = 1.62 (s, 6H, H: 5), 1.74–1.88 (m, 1H, H: 1), 2.15–2.28
(m, 2H, H: 2), 2.30–2.38 (m, 1H, H: 1), 3.39–3.54 (m, 2H, H: 2), 4.19 (q, 2J = 2.5 Hz, 2H, H:
10), 5.25 (s, 1H, H: 4), 7.24–7.39 (m, 16H, H: Ph), 7.84–7.94 (m, 4H, H: Ph) ppm.
13C-NMR (101 MHz, CDCl3): symmetric: δ = 19.8 (s, C: 1), 26.7 (vt, Δν = 37.6 Hz, C:
2), 27.4 (s, C: 5), 50.5 (d of t, JRhC = 28.8 Hz, JPC = 7.7 Hz, C: 10), 98.5 (s, C: 4), 127.2
(vt, Δν = 11.0 Hz, C: Ph), 128.5 (vt, Δν = 9.6 Hz, C: Ph), 130.0 (s, C: Ph), 130.9 (s, C:
Ph), 133.4 (vt, Δν = 8.5 Hz, C: Ph), 134.9 (vt, Δν = 8.4 Hz, C: Ph), 184.8 (s, C: 3) ppm.
31P(1H)-NMR (162 MHz, CDCl3): symmetric: δ = 24.7 (d, JPRh = 127.3 Hz), asym-
metric: δ = 19.6 (d of d, JPRh = 128.5 Hz, JPP = 40.3 Hz), 22.9 (d of d, JPRh = 134.5 Hz,
JPP = 40.3 Hz) ppm.
Literature: according to Budzelaar. [88]
5.5. Catalysis
5.5.1. General procedure for the Ru-catalysed hydrogenations
The required amounts of catalyst 27 and ligand TPPMS were dissolved in 11 (1.00 mL, 6.75
mmol) and 12 (0.85 mL, 6.75 mmol) and introduced into a 12 mL window autoclave. For
reactions in the ionic liquid 32, the autoclave was pressurised with the required CO2 pressure,
stirred for 10 minutes, the substrate (1.10 mmol) added under CO2 flow and then pressurised
with the required H2 pressure. For reactions in the molecular liquid, the substrate (1.10
mmol) was added under argon flow and the autoclave directly pressurised with the required
H2 pressure. The reaction mixture was stirred for the respective time at the required reaction
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temperature. After cooling down and releasing the pressure, the reaction mixture was diluted
with water (2 mL) and an organic solvent (diethyl ether or THF, 2 mL). Conc. HCl-solution
was added dropwise until a pH of 1 was reached and a biphasic system was obtained. The
organic phase was separated and analysed by GC using toluene as an internal standard.
The substrate (1.10 mmol) was added under argon flow.
5.5.2. General procedure for the Rh-catalysed hydrogenations
In conventional solvents:
The required amount of catalyst (5 μmol) was dissolved in the solvent (2 mL) and optional
additives (1.35 mmol) added (see Table 2.4, Table 2.5 and Table 2.6 for details). The solu-
tion was introduced into the 10 mL finger autoclave under argon flow and the substrate (1.05
mmol) was added. The autoclave was pressurised with the required H2 pressure and stirred
for the desired time at the respective reaction temperature. After cooling down and slow
release of the pressure using a bubble counter (2 bubbles per second), the reaction mixture
was diluted with diethylether (2 mL) and conc. HCl-solution was added dropwise until a pH
of 1 was reached to neutralize the additives and achieve a biphasic system. The organic phase
was separated and analysed by GC using toluene as an internal standard.
In switchable solvents:
The required amount of catalyst 42 (3.5 mg, 5 μmol) was dissolved in 11 (1.00 mL, 6.75
mmol) and 12 (0.85 mL, 6.75 mmol) and introduced into a 12 mL window autoclave. The
substrate (1.05 mmol) was added under argon flow. For reaction in the ionic liquid 32, the
autoclave was pressurised with the required CO2 pressure, stirred 10 minutes and pressurised
with the required H2 pressure (see Table 2.7 for details). For reaction in the molecular liquid
the autoclave was directly pressurised with the required H2 pressure. The reaction mixture
was stirred for the desired time at the respective reaction temperature. After cooling down
and slow release of the pressure using a bubble counter (2 bubbles per second), the reaction
mixture was diluted with water (2 mL)and an organic solvent (diethyl ether or THF, 2 mL).
Conc. HCl-solution was added dropwise until a pH of 1 was reached and a biphasic system
was obtained. The organic phase was separated and analysed by GC using toluene as an
internal standard.
5.5.3. Kinetic monitoring of the Rh-catalysed hydrogenations
The required amount of catalyst 42 (35.5 mg, 0.05 mmol) was dissolved in DMSO (20.0 mL)
and optional quinuclidine (1.50 g, 13.5 mmol) added. The solution was introduced under
argon flow into the 100 mL autoclave including sampling device and the substrate (10.5
mmol) was added. The autoclave was pressurised with the required H2 pressure and stirred
at 500 min−1 at the respective reaction temperature.
At fixed time intervals, samples of 0.1 mL were taken in threefold, of which the first and
second were taken to flush the sampling device and therefore discarded. The third sample
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was analysed.
To analyse the sample, the sample was diluted with diethyl ether (same volume as sample)
and conc. HCl was added to neutralize the additives and achieve a biphasic system. The
organic phase was separated and analysed by GC using toluene as an internal standard.
5.5.4. General procedure for the product extraction and catalyst recycling
Method A:
The complex 42 (3.5 mg, 5 μmol) was dissolved in a mixture of 11 (1.00 mL, 6.75 mmol)
and 12 (0.85 mL, 6.75 mmol) and introduced into a 12 mL window autoclave. The autoclave
was pressurised with CO2 (5 bar) and stirred 10 minutes. The substrate 37 (0.1 mL, 1.05
mmol) was added under CO2 flow, the autoclave was pressurised with the required CO2 and
H2 pressure. The reaction mixture was stirred for 18 h at 80
○C.
After reaction time, the products were extracted with supercritical CO2 (140–150 bar, 40
○C)
into a cooling trap containing 3 mL THF at -75 ○C, for 3 h. The obtained THF solution was
analysed by GC using toluene as an internal standard. The autoclave was kept under CO2
atmosphere and directly recharged with fresh substrate and then the cycle mentioned before
repeated.
Method B:
The complex 42 (3.5 mg, 5 μmol) was dissolved in a mixture of 11 (1.00 mL, 6.75 mmol)
and 12 (0.85 mL, 6.75 mmol) and introduced into a 12 mL window autoclave. The substrate
37 (0.1 mL, 1.05 mmol) was added under argon flow and the autoclave pressurised with H2
pressure (10 bar). The reaction mixture was stirred for 18 h at 80 ○C.
After reaction time, the products were extracted with supercritical CO2 (140–150 bar, 40
○C)
into a cooling trap containing 3 mL THF at -75 ○C for 3 h. The obtained THF solution
was analysed by GC using toluene as an internal standard. The autoclave was purged with
argon and heated to 50 ○C to convert back 32 to the mixture of 11/12, recharged with fresh
substrate and the above mentioned procedure repeated.
Extraction procedure:
For the extraction of the products from the ionic liquid 32 with supercritical CO2 the setup
illustrated in Figure 2.14 was used. The autoclave was heated in a water bath (40 ○C) and
pressurised with CO2 to 140–150 bar. The inlet of the autoclave was attached to a needle
valve, which was again attached to a cooling trap and a bubble counter. The cooling trap
contained THF (3 mL) and was cooled in a dry ice/acetone bath to –75 ○C. The flow rate
between the autoclave and the cooling trap was adjusted to 1–2 bubbles per second. After
one hour of extraction, the two needle valves were closed and the THF solution with products
from the cooling trap was transferred into a GC vial. The cooling trap was charged with
fresh THF (3 mL), the needle valves opened and the extraction started again. The above
mentioned procedure was repeated two times. The obtained product solutions were analysed
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Figure 2.14.: Setup for the product extraction; 1) reaction chamber, 2) needle valves, 3) cooling trap
with 3 mL THF, 4) dry ice/acetone bath and 5) bubble counter.
by GC using toluene as internal standard. Using this method, a massbalance of 85–90% was
reached.
5.6. In situ mid-infrared spectroscopy (ATR-mIR)
For the quantification of the reaction mixture of DBU (11) and 1-hexanol (12) and the
corresponding ionic liquid [DBUH][HexOCO2] (32), a method based on an indirect hard
modelling (IHM) approach [64] was employed. As all the measurements of the mixtures and
reactions were carried out neat, molar fractions of the components were calibrated for the
whole range from 0 to 1. The quantification of CO2 was done with an univariate integration
method which was calibrated for CO2 pressures from 0 to 256 bar. The method is applicable
to gaseous CO2 as well as dissolved CO2 present in the liquid phase.
5.6.1. Calibration
For the calibration, spectra of neat 11 and 12 and a mixture of 11 (1.560 g, 10.24 mmol)
and 12 (1.052 g, 10.29 mmol) were measured. A part of the mixture was taken and purged
with CO2 for 20 min to form the ionic liquid [DBUH][HexOCO2] (32). A spectra of this
ionic liquid was measured under CO2 atmosphere. Addition of a defined mass of the 11/12
mixture to the ionic liquid and subsequent measurement of spectra enabled a calibration of
molar fractions of the components.
5.6.2. Synthesis of ionic liquid 32
To monitor the synthesis of the ionic liquid 32, a mixture of 11 (2.573 g, 16.90 mmol) and
12 (1.7132 g, 16.77 mmol) was charged into the 30 mL window autoclave, the IR-probe
connected and the autoclave pressurised with 24 bar CO2. The measurements of the spectra
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were started simultaneously with the stirring (300 rpm) of the reaction and a spectrum was
recorded every minute for 6 h.
5.6.3. Temperature influence
To investigate the influence of temperature on the equilibrium between ionic liquid and molec-
ular liquid, a mixture of 11 (2.280 g, 14.98 mmol) and 12 (1.543 g, 15.10 mmol) was purged
with CO2 for 20 min and then transferred to a finger autoclave equipped with IR probe.
The IR-probe was connected and the autoclave pressurised with 35 bar CO2. The autoclave
was heated in an oil bath, which was heated in steps of 10 ○C starting with 30 ○C up to
a temperature of 110 ○C. Once a temperature was reached, the autoclave was left at this
temperature for 10 min and a spectrum was measured. To investigate the mixture under
reaction conditions, the autoclave was left at 80 ○C for 30 min and every 5 min a spectrum
was measured.
DBU (11):
IR (ATR): ν˜ = 671 (s), 842 (w), 889 (w), 914 (w), 952 (m), 991 (w), 1058 (w), 1114 (m),
1180 (m), 1211 (w), 1232 (m), 1262 (w), 1309 (s), 1363 (m), 1417 (m), 1438 (m), 1485 (w),
1612 (s, shp), 2850 (m), 2921 (m) cm−1.
1-hexanol (12):
IR (ATR): ν˜ = 650 (s), 921 (w), 1029 (m), 1056 (s), 1380 (w), 1467 (w), 2860 (s), 2930 (s),
2958 (s), 3349 (m, br) cm−1.
[DBUH][HexOCO2] (32):
IR (ATR): ν˜ = 684 (m), 690 (m), 820 (m), 896 (w), 908 (w), 966 (w), 985 (w), 1066 (m),
1110 (w), 1160 (w), 1203 (m), 1269 (s), 1322 (m), 1386 (w), 1454 (w), 1631 (s), 1664 (m),
2862 (w), 2931 (w) cm−1.
CO2:
IR (ATR): ν˜ = 2333 (s, shp) cm−1.
5.7. High pressure NMR spectroscopy (HP-NMR)
For the quantification of the reaction mixture of 11 and 12 and the corresponding ionic
liquid [DBUH][HexOCO2] (32), quantitative
13C-NMR was employed. The NMR spectra
were measured without lock and shimmed manually. The amount of CO2 introduced was
quantified by gravimetric measurement of the HP-NMR tube before and after pressurizing.
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5.7.1. Synthesis of ionic liquid 32
To monitor the synthesis of the ionic liquid, a mixture of 11 (1.066 g, 7.00 mmol) and 12
(0.719 g, 7.04 mmol) was prepared. Of this mixture, 0.313 g (11: 0.187 g, 1.23 mmol, 12:
0.126 g, 1.24 mmol) was charged into the HP-NMR tube under argon atmosphere. A spectra
was measured without any CO2 present, by addition of defined CO2 quantities the synthesis
of the ionic liquid 32 was achieved gradually (see Table 2.12); spectra were measured for each
step.
Table 2.12.: Quantities of added CO2.
Entry Gas ΔmCO2 / mg ΔmCO2 / mmol CO2 : 11
1 Ar - - 0.00 : 1.00
2 CO2 30 0.68 0.55 : 1.00
3 CO2 10 0.23 0.74 : 1.00
4 CO2 50 1.14 1.66 . 1.00
5 CO2 120 2.73 3.88 : 1.00
5.7.2. Temperature influence
To investigate the influence of temperature on the equilibrium between ionic liquid 32 and
the mixture of 11/12, the sample of entry 5 in Table 2.12 was taken and heated inside the
NMR-machine. Spectra were measured at room temperature, 50 ○C, 80 ○C and again at room
temperature.
N
N
H
4' 5' 6'
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1'2'
3'N
N
4 5 6
7
8
9
12
3
+ OH10
11
12
13
14
15 +
O10'
11'
12'
13'
14'
15'
O
O
16'
O C O
16
11 12 32
DBU (11):
13C-NMR (75 MHz): δ = 21.2 (C: 3), 24.8 (C: 7), 27.2 (C: 6), 28.3 (C: 8), 34.7 (C: 9),
42.2 (C: 2), 46.7 (C: 5), 51.0 (C: 4), 159.5 (C: 1) ppm.
1-hexanol (12):
13C-NMR (75 MHz): δ = 12.6 (C: 10), 21.4 (C: 11), 24.6 (C: 12), 30.6 (C: 13), 32.1 (C:
14), 59.4 (C: 15) ppm.
Carbon dioxide:
13C-NMR (75 MHz): δ = 123.8 (C: 16) ppm.
[DBUH][HexOCO2] (32):
13C-NMR (75 MHz): δ = 12.9 (C: 10’), 18.9 (C: 3’), 21.7 (C: 11’), 23.6 (C: 7’), 25.1 (C:
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12’), 27.7 (C: 8’), 29.3 (C: 14’), 30.0 (C: 9’), 30.9 (C: 13’), 37.2 (C: 2’), 47.1 (C: 5’), 52.3 (C:
4’), 62.8 (C: 15’), 156.3 (C: 16’), 164.6 (C: 1) ppm.
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coordination geometries in catalysis
1. Background and introduction
The hydroformylation reaction was discovered by Otto Roelen in 1938 [1,2] and involves the
catalyst-mediated simultaneous addition of one mole of hydrogen (H2) and one mole of carbon
monoxide (CO) to a C=C bond of an olefin, to produce two corresponding aldehydes, the
linear (l) and the branched (b), which have one more carbon atom than the original compound
(Scheme 3.1). Since the linear product finds numerous uses, a high linear to branched ratio
(l:b) is generally aimed for.
R
R O
H
R
O H
H2, CO
catalyst
linear (l) branched (b)
+
Scheme 3.1: Hydroformylation reaction, also known as the oxo synthesis or the oxo process.
The first generation of catalysts for this reaction were based on cobalt carbonyls without
phosphine ligands. [3] Under harsh conditions, only low reactivity were obtained with these
catalysts. Rhodium carbonyl catalysts were found to be more reactive, but high H2 pressures
were needed to form the required rhodium hydrides. [4] However, since the reports of Shell Oil
Company on the use of phosphines as ligands for cobalt, [5–7] many industries have started
applying phosphines in the rhodium process as well, which give high selectivities under low
pressures. [8] Over the years, the applied phosphines include ligands such as TPP, [9,10] bulky
phosphites, [11–13] diphosphines, [14] diphosphites [15,16] but also the water-soluble TPPTS (in
the Ruhrchemie/Rhoˆne-Poulenc process) [17] or TPPMS [18] (Scheme 3.2).
TPPMS :
P
O
P
O
O
R
R
R
PPh2
PPh2
R1
R1
R2
R1 = R2 = H
R1 = H; R2 = SO3Na
R1 = R2 = SO3Na
TPP :
TPPTS : "bulky" phosphites diphosphine
Scheme 3.2: Structures of the ligands TPP, TPPMS, TPPTS, van Leeuwen’s “bulky” phosphites
and Eastman’s diphosphine “BISBI”. [19]
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The steric and electronic properties of the ligands have a large influence on the reactivity
and selectivity of the catalyst. The effects of ligands on the catalysis were studied and re-
viewed by Tolman. [20–22] He introduced two terms to better describe phosphine ligands: the
electronic parameter υ for the electronic effects and the cone angle θ for the steric effects.
The electronic parameter υ is a measure of the overall effect of electron donating and with-
drawing ability of the phosphorus ligand (L) and is determined by measuring the symmetric
stretching frequency (A1 carbonyl mode) of the carbonyls in [Ni(CO)3L], by infrared spec-
troscopy. Strong σ-donors (electron-rich P) give a low υ-value, whereas strong π-acceptor
(electron-poor P) give high values (Figure 3.1 a, b). Tolman could show that an increase
in the electronic parameter υ is correlated with a decrease in the basicity of the phosphine
ligands. The basicity of a phosphine ligand is determined by the nature of groups that are
bonded to the phosphorus atom. For example, alkyl groups on the phosphorus atom will
result in the formation of electron-rich phosphorus bases, since these alkyl groups are fairly
electron donating (+I-effect). [23]
The steric parameter θ for monodentate symmetric ligands (all three substituents are the
same) is defined as the apex angle of a cylindrical cone, centred 2.28 A˚ from the center of
the phosphorus atom, which just touches the van der Waals radii of the outermost atoms
of the model (Figure 3.1 c). [22] For asymmetric ligands (phosphines containing different sub-
stituents) an average for the three substituents is taken. The relative order of these cone
angles have been correlated with many properties, including stabilities, rate constants, equi-
librium constants and catalytic activities. [24]
P M C O P M C O 2.28 Å
a) b) c)
θ
d)
M
βn PP
P
M
Figure 3.1.: Tolman’s parameters: a) low υ-value - strong back donation to CO. b) high υ-value -
weak back donation to CO. c) cone angle θ. d) Casey’s natural bite angle βn.
Due to the increasing interest for bidentate phosphine ligands in catalysis, Tolman extended
the cone angle for chelating phosphines as “the average cone angle measured for the two
substituents and the angle between one M–P bond and the bisector of the P–M–P angle”. [22]
A way to predict the preferred P–M–P angle using molecular mechanisms has been developed
by Casey and Whiteker, who introduced the concept of natural bite angle βn and flexibility
range for the ligands and van Leeuwen, who applied this concept in most of his work. [25,26]
The natural bite angle βn is defined as the preferred chelation angle determined only by
ligand backbone constraints and not by metal valence angles (Figure 3.1 d). The flexibility
range is defined as the bite angles that can be reached within an energy barrier of 3 kcal/mol
excess strain energy. Additional parameters defined for bidentate phosphine ligands are the
solid angle (Ω), [27] pocket angle, [28] repulsive energy [29] and the accessible molecular surface
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(AMS). [30]
Multiple ligand libraries have been constructed variating these parameters to achieve efficient
regiocontrol in the hydroformylation reaction, e.g. the Xantphos library of van Leeuwen and
co-workers. [31–33] For this ligand class, it could be observed that in the hydroformylation of
1-octene with most ligands the selectivity for linear aldehyde increases with wider bite angles,
and the reaction rate also increases with increasing bite angle. [31,34] It has been demonstrated
that the rhodium hydride resting state in the hydroformylation reaction can exist in two
isomeric structures, depending on the coordination of the ligands either equatorial-apical (ea)
or equatorial-equatorial (ee). To explain the increase in selectivity and activity, a shift in the
ee/ea equilibrium towards the ee isomer, which is considered to lead selectively to the linear
product, was suggested. [35] However, additional work showed that the ee/ea equilibrium in
the hydride precursor can be used when a wide range of bite angles is considered but is not
the reason for the regioselectivity when only a small range is considered. [36–38]
2. Control of coordination made by ligand–ligand interactions
2.1. General concept
To explore the area between the classical monodentate ligands and the bidentate ligands, a
new conceptual approach was introduced by Breit and Seiche, [39] where monodentate ligands
decorated with specific functional groups are used to simulate the situation of a bidentate
ligand at the catalytically active metal center through non-covalent interactions between the
two binding sites (Scheme 3.3). [40] Several non-covalent interactions have been exploited from
weak van der Waals, π stacking, cation-π, charge-transfer, electrostatic, and dipole-dipole
interactions to hydrogen bonding and even stronger coordinative interactions. [41,42]
M
L
L
M
L
L
M
L
L
M
L
L
classical
monodentate
classical
bidentate
without linkage non-covalent interactions covalent linkage
strength of ligand-ligand interactions
Scheme 3.3: Area of ligand–ligand interactions between classical monodentate and bidentate ligands
(adapted from ref. 40).
2.2. Interaction via hydrogen bonding
In a first example by the group of Breit, the tautomer system 2-pyridone/2-hydroxypyridine
(49/50) was applied, which is known to dimerise through hydrogen bonds mainly to the
symmetrical pyridone dimer 48. In the presence of a metal center, the equilibrium could be
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shifted to the geometrically well-defined coordination compound 51 mimicking a “bidentate,
chelating” structure (Scheme 3.4). [39]
NPh2P O
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O N PPh2
H
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H
Ph2P O
NPh2P OH
O N
H
O N PPh2
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PPh2
[M]: Pt, Rh
M
M
48
49
50
51
Scheme 3.4: The Breit system for self-assembly of a monodentate ligand through hydrogen bonding
for homogeneous catalysis.
In the hydroformylation of terminal alkenes, the rhodium based catalyst of 51 showed the
behaviour of a bidentate ligand, with high regioselectivities towards the linear aldehyde for
a range of functionalised terminal alkenes (> 95% regioselectivity), as compared to the con-
ventional monodentate ligand TPP, which gives approximately 70%.
However, this tautomer system suffers from an evident limitation; when two ligands 49 and
50 are added to a metal source, the two homocomplexes [49–M–49] and [50–M–50] compete
with the heterocomplex [49–M–50] as acting catalysts. To obtain a specific heterocomplex,
a slightly different approach was introduced by Breit, where ligands capable of non-covalent,
complementary interactions were used (Scheme 3.5).
M
LL
M
LL
M
LL
a)
+
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L L
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+ M+
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Scheme 3.5: Schematic representation of the formation of (a) heterocomplexes via non-covalent
complementary interaction (b) homocomplexes via non-covalent, non-complementary interaction by
motifs directly attached to the ligand.
Breit and co-workers used a principle employed by nature in DNA base pairing, an A–T
(A = adenine; T = thymine) base-pair model relying on the aminopyridine/isoquinolone
(52/53) (Scheme 3.6). [43,44] A library of 4-aminopyridine (52) and 4-isoquinolone ligands
(53) were prepared and applied in the regioselective hydroformylation of 1-octene. A rhodium
catalyst containing 52 (Ar = 3,5-(CF3)2C6H3) and 53 (Ar = 4-F-C6H4) was identified as
the best with outstanding activity (TOF = 8643 h−1) and regioselectivity (l:b = 96 : 4).
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Different heterocombinations of the families 52 and 53 were also applied with success in
the Ni-catalysed hydrocyanation of alkenes and the Ru-catalysed hydration of nitriles and
alkynes showing the diversity and broad scope of these ligands. [45–47]
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Scheme 3.6: An A–T base-pair model for the selective self-assembly of heterocomplexes through
hydrogen bonding (Piv = pivaloyl, Ar = different aryl groups).
Inspired by the initial report of Breit, [39] several other groups have used this hydrogen bond-
ing approach for the self-assembly of monodentate ligands around metal centres to form
“chelating bidentate structures”. For example, the group of Love reported about the for-
mation of urea-phosphine complexes with palladium and rhodium, where the P atoms are
positioned trans to each other due to the hydrogen bonding between the two urea moieties
(shown in X-ray structural analysis). [48] Interestingly, the addition of n-Bu4NCl results in
the incorporation of the chloride anion between the two urea units (Scheme 3.7, R = Ph).
Similar observations were made by Reek and co-workers with a slight variation on the lig-
and (Scheme 3.7, R = CH2CO2Et).
[49] The rhodium complexes 55 and 57 (R = Ph) were
applied in the hydroformylation of 1-octene and compared with the commercially available
[Rh(CO)(acac)(PPh3)] (l:b = 2.6 : 1 in 1 h). The complexes 55 and 57 showed very similar
selectivities (both l:b = ca. 3 : 1) but significantly lower activities were obtained (full con-
version after 10 h resp. 24 h vs. 1 h), with significant induction periods for 55 (5 h) and 57
(> 10 h). From these results it appeared that the presence of hydrogen-bonding in the ligand
or the presence of anion decreases the efficiency in the rhodium-catalyzed hydroformylation.
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Scheme 3.7: Formation of trans-coordinating urea–phosphines (a) via urea–urea interaction or (b)
via anion templation (R = Ph [48], CH2CO2Et
[49]).
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2.3. Interaction via ionic interactions
Instead of the hydrogen bonding approach, the group of van Leeuwen tried to exploit ionic
interactions between the ligands for achieving the preferential self-assembly of complexes
bearing ligands with complementary tags. [50] Thus, the Coulombic charge attraction of lig-
and pairs bearing positive and negative charges should favour the formation of complexes
with ligands with opposite charges (heterocombinations), whereas complexes bearing ligands
with the same charge should not be formed. To demonstrate this assumption, they syn-
thesised a library of meta-substituted phosphanes with functional groups that are able to
form ion pairs by either direct acid–base reactions or by ion exchange (Scheme 3.8). The
addition of equimolar mixtures of two complementary ligands to a transition metal precursor
([PtCl2(cod)], [Pd(CH3)Cl(cod)] or [{Rh(CO)2Cl}2]; cod: 1,5-cyclooctadiene) did not lead to
the formation of a simple species. Apart from the combination 58a/58b with [PtCl2(cod)],
which gave up to 97% of heterocomplex [PtCl258a58b], no preferential formation of the
complexes with ligand pairs was achieved and instead statistical mixtures of homo- and het-
erocombinations were obtained.
P R
a: R = SO3Na
b: R = NH3Cl
c: R = NH2
d: R = P(O)Ph2
e: R = COOH
f: R = OCH3
[PtCl2(cod)]
a + b
P Pt P
Cl
Cl
Ph Ph
SO3 H3N
PhPh
58
Scheme 3.8: meta-Substituted triphenylphosphane derivatives for the formation of heterocomplexes
via ionic interactions.
2.4. Interaction via coordinative bonding
Another approach for the formation of catalysts based on the self-assembly of monodentate
ligands was developed by Reek, van Leeuwen and co-workers, where two ligands are linked
in a non-covalent fashion to a template instead of directly to each other (Scheme 3.9). [51–55]
In general, the template is a metal-containing complex that binds and thus positions the two
monodentate ligands having an additional donor site.
In their first reported example, a bis{Zn(porphyrin)} complex 59 was used as the template,
which binds the additional donor site of the pyridyl phosphine 60a or phosphite ligand 60b.
A homobidentate ligand can be formed from 2 eq. of 60 in presence of 1 eq. 59 and a
rhodium precursor. Both the achiral 61a and the chiral 61b (R and S ) systems were ap-
plied as catalysts in the hydroformylation of 1-octene. Compared to the complexes with the
corresponding monodentate ligands 60, the self-assembled complexes 61 showed decreased
activity but increased selectivity, with higher l:b ratios (up to 94:6). This catalytic behaviour
is typical for bidentate phosphorus ligands in the hydroformylation. Additionally, the chiral
system 61b was applied in the rhodium-catalysed hydroformylation of styrene and, compared
to the monodentate complex, gave higher enantioselectivities (up to 33% ee compared to 7%
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Scheme 3.9: Schematic representation of the formation of chelating bidentate (a) heterocomplexes
and (b) homocomplexes by self-assembly via a template.
ee). [51]
This supramolecular approach was later extended to incorporate two different monoden-
tate ligands using a bis-zinc(II)-salphen template that contains two identical binding sites
(Scheme 3.11). Due to the two identical binding sites, it was expected that the use of mix-
tures of ligands would lead to mixtures of complexes, however the heterocombination was
formed exclusively. In contrast, in the absence of the template only the homocombinations
were formed, therefore the selective formation of the heterobidentate combination seems to
be sterically driven. The rhodium complexes with these ligands provided much higher enan-
tioselectivities (up to 72% ee compared to 13% ee) in the hydroformylation of styrene, when
compared to the corresponding monodentate ligands or non-templated mixed ligand combi-
N N
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Ph Ph
Zn =
O
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Zn
Zn
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O
O
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L
N2
OO
ZnZn
N N
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Scheme 3.10: Formation of a rhodium catalyst by self-assembly of heterobidentate ligand 60a or
60b through coordination to a zinc(II) porphyrin complex.
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nations. [53]
Variating the monodentate ligands to pyridine-containing phosphoramidite and phosphite lig-
ands resulted in an unique coordination mode of the ligands to the rhodium in the presence
of the Zn(II)-templates. In the complexes, the phophorus donor atom of the ligand is trans
to the hydride, whereas in typical monoligated rhodium-hydrido complexes the phosphorus
donor atom is cis orientated to the hydride. The complexes formed with these ligands proved
to be effective catalysts for the asymmetric hydroformylation of generally unreactive internal
unfunctionalised alkenes (trans-2-alkenes) resulting in high conversions (>99%), moderate
enantioselectivities (up to 48% ee) and little isomerisation (up to 5%). [56]
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Scheme 3.11: Schematic representation of the selective formation of the heterobidentate combination
with a bis-zinc(II)-salphen template (adapted from ref. 53).
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3. Interest and motivation
As described in the previous chapter, the exploitation of the interactions between ligands
as an additional tool for influencing (tuning) the selectivity and reactivity in catalysis was
concentrated on recently using the rhodium-catalysed hydroformylation as a sensitive bench-
mark reaction. The design of a wide variety of ligands, capable of different interactions such
as hydrogen bonding, ionic or coordinative interactions, led to new classes being introduced
and applied in catalysis.
In addition to interactions between the ligands, interactions between ligand and additives
have also been investigated as described in section I.5.5. Desset et al. reported about a
ligand system where an amidine modified triphenylphosphine can be protonated by carbonic
acid in presence of water and CO2 gas. This protonation causes a change in solubility, which
results in a transfer of the catalyst from the organic solvent into the aqueous phase (see
Scheme 3.12). Due to this solubility-switch, the resulting rhodium complex, which affords
high yields in the hydroformylation of 1-octene with selectivities of up to 74%, could be
recycled for multiple cycles. [57–59]
N NMe2Rh / P
3 HN NMe2Rh / P
3
HCO3
CO2 + H2O
N2
soluble in organic solvent
water soluble
org. phase
aq. phase aq. phase
org. phase
Scheme 3.12: A catalyst that can be switched between the organic phase and water by bubbling with
CO2 or N2.
The solubility-switch can also be used the other way around, where the reaction was car-
ried out in water and then the active catalyst extracted into the organic phase. Although
the reaction was slower than for 1-octene, the same catalyst system could be used for the
hydroformylation of allyl alcohol in water. These results clearly showed that the reaction
between the ligand system and CO2 in presence of water have no large influence on the reac-
tivity of the catalyst, but rather on the solubility of the catalyst.
The aim of this chapter was to investigate the possibility to modify (switch) the structure of
a ligand temporary through the reaction with CO2 in analogy to switchable solvents. The
L
NR2 + ROH, + CO2 L
NR2H OO
O
R
Scheme 3.13: General idea: in situ post-modification of the ligand features with CO2 in presence of
an alcohol.
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general idea to achieve this temporary modification is shown in Scheme 3.13, where the reac-
tion of an amine or guanidine function on the ligand (depicted with –NR2) with CO2 in the
presence of an alcohol or a diol is used to explore this possibility. Furthermore it was ratio-
nalised that the temporary switch or modification of ligands coordinated to a metal centre
would have an influence on the bite angle (βn) as illustrated in Scheme 3.14 (βn′ ≠ βn). The
hydroformylation was used as a bite angle sensitive reaction to investigate the effect of the
switched ligands on the selectivity in the reaction.
M
LL
M
NR2H HR2N
βn'
O O
O
R
OO
O
R
L L
NR2 NR2
βn + ROH, + CO2
Scheme 3.14: General idea: change of the bite angle through in situ post-modification of the ligand
with CO2 and an alcohol.
Similarly to the switchable polarity solvent systems based on a guanidine and an alcohol
(described in chapter 5.1, Scheme 1.4 b), the guanidine modified triphenylphospines 62 and
63 reported by Stelzer and co-workers were used as the starting point. [60–62]
N NH2
N
Ph2P
62
N NH2
N
Ph2P
63
Figure 3.2.: Meta- and para-(diphenylphosphino)phenyl-guanidine ligands 62 and 63.
To fully elaborate the possible influence of such interactions between ligand, alcohol and CO2
on the selectivity, the ortho-substituted triphenylphosphine was synthesised and compared to
the meta- and para-substituted triphenylphosphines 62 and 63 (section 4.1). High pressure
NMR spectroscopy was used to monitor a possible reaction between the ligand, an alcohol
and CO2 (section 4.2). To explore the influence of switched (modified) ligands on the se-
lectivity of the rhodium catalysed hydroformylation of 1-octene, different alcohols and diols
were tested (section 4.3).
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4. Results and discussion
4.1. Ligand synthesis
The synthesis of triphenylphospines modified with a guanidine in meta- and para-position
have been reported by Stelzer et al. [60–62] The guanidine ortho-substituted triphenylphos-
phine has not been reported yet and was prepared according to reported procedures.
Method A: A microwave-assisted phosphorylation of o-fluoroaniline (64) with diphenylphos-
phine according to Holland et al. and purification by column chromatography afforded the
2-(diphenylphosphino)aniline (65) in 85% yield. [63] This o-aminophenyl derivative 65 was
treated with equivalent amounts of ethereal HCl solution to obtain the HCl adduct 66. To
introduce the guanidinium group, the addition of cyanamides to anilinium salts at high tem-
peratures was used, followed by the deprotonation of the guanidinium salt 67 with sodium
hydroxide and purification by column chromatography. The desired product 68 was obtained
in an isolated yield of 22%, which resulted in an overall isolated yield of 19% for the whole
synthesis route (Figure 3.3). The introduction of the guanidine function at high tempera-
tures was the most problematic step in this synthesis. To improve the overall yield, another
synthesis route reported by Stelzer was investigated.
F
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PPh2
NH2
PPh2
NH3Cl
PPh2
N NH2
N
NaOH
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Ph2PH HCl•Et2O
PPh2
H
N NH2
N
Cl
(85 %) (99 %)
(22 %)
(CH3)2N-C≡N
neat
T = 110 °C
64 65 66
6768
Figure 3.3.: Synthesis of N,N-dimethyl-N’-(2-diphenylphosphino)phenyl guanidine 68 via method A.
Method B: o-Iodoaniline (69) was protonated quantitatively to the corresponding iodoanilin-
ium chloride (70) by adding equimolar amounts of ethereal HCl solution. The reaction was
performed in diethyl ether to facilitate fast precipitation of the desired compound and easy
separation of the compound. Through reaction with dimethylcyanamide at high temperature,
subsequent deprotonation of the resulting guanidinium salt 71 with sodium hydroxide solu-
tion, and purification by column chromatography the corresponding o-iodophenylguanidine
(72) was obtained in 39% isolated yield over the three steps. A Pd-catalysed P–C coupling
of diphenylphosphine with 72 followed by purification by column chromatography gave the
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desired product 68 in a yield of 62% (Figure 3.4). However, calculating over the complete
synthesis an overall isolated yield of only 24 % was obtained.
I
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NH3Cl (CH3)2N-C≡N
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69 70 71
7268
Figure 3.4.: Synthesis of N,N-dimethyl-N’-(2-diphenylphosphino)phenyl guanidine 68 via method B.
Again, the introduction of the guanidine function in the ligand led to a significant loss of
product. Overall, the introduction of the guanidine function prior to the diphenylphosphine
led to higher yields. The meta- and para-substituted guanidine triphenylphosphines 62 and
63 were also synthesised according to this method, as reported in literature. [61]
The desired product 68 is reasonably stable towards water and oxygen, thus purification by
column chromatography under inert atmosphere was not necessary. However, storage under
inert atmosphere is advisable as approximately 15% oxidation of the phosphorus atom could
be observed after 2 months, even though the ligand was stored in a Schlenk tube under argon.
A comparison of the chemical shift of the phosphorus atom in 68 with the meta-, para- and
unmodified triphenylphosphines (see Table 3.1) clearly shows that the ortho substitution
has the largest influence on the chemical shift, comparable with other ortho-substituted
triphenylphosphines. [64,65]
Table 3.1.: 31P-NMR shifts of the different triphenylphosphine ligands.
Ligand Substitution 31P NMR shift / ppm
PPh3 none –5.0
68 ortho –14.1
62 meta –4.9
63 para –6.6
MePa ortho –10.7
EtPa ortho –14.2
[a] from ref. 65.
PPh2
PPh2
MeP:
EtP:
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4.2. High pressure NMR analysis
4.2.1. General procedure
High pressure NMRmeasurements were done to investigate whether the guanidine phosphines
62, 63 and 68 undergo the formation of ionic species in presence of CO2 and 1-hexanol (12)
as illustrated in Figure 3.5.
CO2
N NH2
N
Ph2P
+ HO
H
N NH2
N
Ph2P
OO
O
: meta
: ortho
: para
: meta
: ortho
: para
68
62
63
12 73
74
75
Figure 3.5.: Interaction of 1-hexanol 12 and CO2 with the guanidine substituted triphenylphosphines.
For all three ligands, the following general procedure was carried out under inert atmosphere:
a defined amount of ligand was dissolved in CDCl3, transferred to a high pressure NMR tube
and 1H, 13C and 31P spectra were measured. In the next set of measurements, one equivalent
of 1-hexanol was added to the mixture and again 1H, 13C and 31P spectra were measured. In
the third set of measurements, the high pressure NMR tube was pressurised with 5.0 MPa
CO2, the mixture shaken well to achieve complete mixing of gas and liquid and the
1H, 13C
and 31P spectra measured.∗
4.2.2. Reaction with ortho-substituted guanidine phosphine 68
The obtained NMR spectra are shown in Figure 3.6 and Figure 3.7. The bottom spectra
(a) 1H-NMR spectrum (b) 13C-NMR spectrum
Figure 3.6.: Interaction of 1-hexanol 12 and CO2 with the ortho-substituted guanidine phosphine 68
(blue: 68, red: 68 + 12, green: 68 + 12 + CO2; ● = dissolved CO2).
∗See appendix for enlarged NMR spectra.
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(a) 31P-NMR spectrum
Figure 3.7.: Interaction of 1-hexanol 12 and CO2 with the ortho-substituted guanidine phosphine 68
(blue: 68, red: 68 + 12, green: 68 + 12 + CO2).
(blue) shows solely 68 dissolved in CDCl3. The addition of one equivalent of 12 is shown in
the middle spectra (red) and addition of CO2 in the top spectra (green). Comparing the red
and green spectra we noticed that apart from a decrease in signal intensity, due to dilution
of the mixture by CO2 gas, no changes occur. These observations indicate that no detectable
other species, such as 73, are formed under these conditions, in CO2 atmosphere. Possibly,
the phenyl rings on the phosphorus atom and the guanidine group on the third phenyl ring
are too close together, and the steric hindrance prevents the protonation of the guanidine
group by the alcohol and CO2.
4.2.3. Reaction with meta-substituted guanidine phosphine 62
The NMR spectra obtained are shown in Figure 3.8. The bottom spectra (blue) shows solely
62 dissolved in CDCl3. The addition of one equivalent of 12 is shown in the middle spectra
(red) and addition of CO2 in the top spectra (green). The comparison of the red and green
spectra in (a) and (b) clearly shows that a new species is formed in the presence of CO2. The
formed triplet at δ = 3.93 ppm in the green 1H spectrum can be assigned to the CH 2–O–CO2
group of 74. New signals in the 13C spectrum also confirm this assignment. The signal at
δ = 160.6 ppm can be assigned to the newly formed carbonate (O–CO2) carbon in 74. The
CH2–O carbon from the hexyl chain is shifted downfield to 65.8 ppm whereas the other CH2
carbons are shifted upfield (assigned with * in the green spectra). An indication for the
protonation of the guanidine group is the downfield shift of the N=C–N carbon from 152.5 to
156.3 ppm (indicated with ◾) and the upfield shift from 151.0 to 141.6 ppm for the guanidine
substituted carbon of the phenyl group (indicated with ▴). Additionally, the proton signals
of the phenyl ring next to the guanidine function have been separated and shifted upfield
and downfield (indicated with ◽), which could be another indication for the protonation of
the guanidine group. The small upfield shift of the phosphorus atom (Δδ = 0.26 ppm) is
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(a) 1H-NMR spectrum (b) 13C-NMR spectrum
(c) 31P-NMR spectrum
Figure 3.8.: Interaction of 1-hexanol 12 and CO2 with the meta-substituted guanidine phosphine 62
(blue: 62, red: 62 + 12, green: 62 + 12 + CO2; * belongs to the hexylcarbonate 74; ● = dissolved
CO2).
possibly due to the changing electronic effects (I-effect) in the meta-position caused by the
protonation of the guanidine function. From the green 1H spectrum it can be calculated that
72% of 12 has reacted with CO2 to form the carbonate 74.
4.2.4. Reaction with para-substituted guanidine phosphine 63
The same measurements were also done for the para-substituted guanidine phosphine 63 and
the obtained NMR spectra is shown in Figure 3.9. The bottom spectra (blue) shows solely
63 dissolved in CDCl3. The addition of one equivalent of 12 is shown in the middle spectra
(red) and addition of CO2 in the top spectra (green). When comparing the red and green
spectra in (a) and (b), we clearly observe the formation of a new species by the reaction with
CO2. Similar to 62, the formed triplet at δ = 3.95 ppm in the green
1H spectrum can be
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assigned to the CH 2–O–CO2 group of 75. The new signals in the
13C spectrum at 160.7 and
65.9 ppm can be assigned to the newly formed carbonate (O–CO2) carbon and the CH2–O
carbon in the hexyl chain in 75 respectively. The other CH2 carbons from the hexyl chain
are shifted upfield and indicated (*) in the green spectra. The protonation of the guanidine
groups can be observed by the downfield shift of the N=C–N carbon from 152.7 to 156.6 ppm
(indicated with ◾) and the upfield shift from 151.4 to 143.5 ppm for the guanidine substituted
carbon of the phenyl group (indicated with ▴). In contrast to the meta-substituted guanidine
phosphine 62 no shifting of the protons on the phenyl ring can be observed. As before, the
small downfield shift of the phosphorus atom (Δδ = 0.35 ppm) is again possibly due to the
changing electronic effects (M-effect) in the para-position caused by the protonation of the
guanidine function. From the green 1H spectrum it can be calculated that 56% of 12 has
reacted with CO2 to form the carbonate 75.
(a) 1H-NMR spectrum (b) 13C-NMR spectrum
(c) 31P-NMR spectrum
Figure 3.9.: Interaction of 1-hexanol 12 and CO2 with the para-substituted guanidine phosphine 63
(blue: 63, red: 63 + 12, green: 63 + 12 + CO2; * belongs to the hexylcarbonate 75; ● = dissolved
CO2).
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These NMR measurements clearly show that the reversible reaction between the meta- and
para-substituted ligands, alcohol and CO2 takes places, although under these conditions the
reaction is not quantitative.
4.3. Hydroformylation reactions
The high pressure NMR measurements showed carbonate formation between the guanidine
functions on the ligands, an alcohol and CO2 is possible, although the reaction is not quantita-
tive. Nevertheless, these ligands were applied in the hydroformylation reaction to investigate
whether the addition of alcohol and CO2 can influence the selectivity of the catalyst. In this
study, the rhodium-catalysed hydroformylation of 1-octene was used as sensitive benchmark
reaction (Figure 3.10).
C6H13
C6H13 O
H
cat. [Rh] / L
20 bar H2/CO (1:1)
toluene, 60 °C
+
O
H
C6H13
Figure 3.10.: Possible products in the hydroformylation of 1-octene.
In general, the rhodium precursor [Rh(acac)(CO)2] (acac = acetylacetonate) was added to-
gether with the ligand (Rh:P = 1:6) under study, in toluene, and stirred for 30 minutes at
room temperature. The mixture and 1-octene (Rh:S = 1:1000) were added together in a high
pressure finger autoclave and the resulting mixture was pressurised with 2.0 MPa of Syngas
(H2:CO = 1:1), after which the reactor is heated to 60
○C for 16 hours.
For comparison, the hydroformylation reaction was performed with [Rh(acac)(CO)2] without
any additional ligand present. Under these reaction conditions, high conversion, moderate
chemoselectivity (Sel) and nearly no regioselectivity (l:b) were obtained (Table 3.2, entry
1).∗ In comparison, the presence of triphenylphosphine (TPP) clearly has an influence on the
selectivity, leading to increased chemoselectivity and higher regioselectivity with remaining
Table 3.2.: Influence of the ligands on the selectivity in the rhodium-catalysed hydroformylation of
1-octene.a
Entry Ligand Cvb /% Selb /% l : bb
1 – 99 76 55 : 45 (1.22)
2 TPP 99 97 64 : 36 (1.78)
3 68 61 > 99 71 : 29 (2.45)
4 62 99 > 99 72 : 28 (2.57)
5 63 99 > 99 72 : 28 (2.57)
[a] Reaction conditions: 0.002 mmol [Rh(acac)(CO)2],
[Rh]:[L] = 1:6, S/C = 1000, 1 mL toluene, T = 60
○C, pCO/H2 = 2.0 MPa, t = 16 h. [b] Conversion and
selectivity determined via GC.
∗chemoselectivity: selectivity towards aldehyde in total product: sel = nl+nb
ntotal
;
regioselectivity: ratio between formed linear (l) and branched (b) aldehydes: l = nl
nl+nb
, b = nb
nl+nb
.
87
Chapter III. Switchable ligands for the control of coordination geometries in catalysis
activity (entry 2).
Applying the guanidine phosphines 68, 62 and 63 in the hydroformylation reaction suppresses
the formation of isomerisation products, as compared to TPP (see Sel in Table 3.2, entries 3–
5). The regioselectivity increases with all the studied ligands when compared to TPP, which
is probably due to the greater steric size and the increased basicity of the ligands. Variation
of the position of the guanidine function on the phenyl group from para → meta → ortho
(therefore an increase in the steric size) has no significant influence on the selectivity. How-
ever, the sterically most hindered ligand 68 does show a decrease in activity. Similar results
were observed by Pakkanen and co-workers in the hydroformylation of 1-hexene and propene
with triphenylphosphine based ligands, where one phenyl ring was replaced by an anthracyl
ring. [66] The same group also showed that the activity and selectivity correlate with the 31P
NMR shift of the ligand. They showed for different ortho-substituted triphenylphosphines
that in the hydroformylation of propene the regioselectivity increases towards the branched
product and the activity decreases drastically with decreasing 31P NMR shifts, compared to
TPP. [64] They suspect that the regioselectivity and activity are controlled through the steric
properties of the active complex in which one side of the complex is blocked by the ortho
substituents.
To explore, whether a reaction between the guanidine functions on the ligands, an alcohol
and CO2 would have an influence on the selectivity of the hydroformylation reaction, the
reactions were performed first in the presence of 1-hexanol without CO2 (Table 3.3, entries
1–3). In the reactions with the ligands 62 (Table 3.2, entry 4 vs. Table 3.3, entry 2) and
63 (Table 3.2, entry 5 vs. Table 3.3, entry 3) no significant influence on conversion and se-
lectivities can be observed. In contrast, a significant influence of alcohol 12 present can be
seen with 68 resulting in a decrease of conversion, an increase in isomerisation products and
a decrease of selectivity towards the linear aldehyde (Table 3.2, entry 3 vs. Table 3.3, entry
1).
Then the hydroformylation reactions were performed with 50 bar CO2 in the reaction (entries
Table 3.3.: Influence of the presence of alcohol and CO2 on the selectivity in the rhodium-catalysed
hydroformylation of 1-octene.a
Entry Ligand Alcohol CO2 Cv
b /% Selb /% l : bb
1 68 1-hexanol – 47 92 68 : 32 (2.13)
2 62 1-hexanol – 99 > 99 72 : 28 (2.57)
3 63 1-hexanol – 99 > 99 71 : 29 (2.45)
4 68 1-hexanol + 83 99 68 : 32 (2.13)
5 62 1-hexanol + 95 99 74 : 26 (2.85)
6 63 1-hexanol + 87 99 73 : 27 (2.70)
7 62 1-phenylethanol + 93 > 99 74 : 26 (2.85)
[a] Reaction conditions: 0.002 mmol [Rh(acac)(CO)2], [Rh]:[L] = 1:6,
[Rh]:[OH] = 1:7, S/C = 1000, 1 mL toluene, T = 60 ○C, pCO/H2 = 2.0 MPa,
pCO2 = 5.0 MPa, t = 16 h. [b] Conversion and selectivity determined via GC.
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4–7). Remarkably, the presence of CO2 in combination with 12 nearly doubles the activity of
the catalyst with 68 and decreases the isomerisation as side-reaction, but the same selectivity
towards linear aldehydes is obtained (entry 4). For the ligands 62 and 63, a small decrease
in conversion can be observed along with a small increase (∼ 2%) in selectivity (entries 5–6).
However, this small increase in selectivity is not very significant compared to the increased se-
lectivities obtained by systems reported by the groups of Breit (l:b = 96 : 4) [43] and Reek (l:b
= 95.8 : 4.2). [52] The change from primary alcohol to a sterically more demanding secondary
alcohol has little influence on the activity and selectivity of the catalyst with 62 (entry 5 vs.
7).
Since the results obtained with ligand 62 were the most promising concerning activity and
selectivity, this catalyst system was investigated in more detail. The reaction between the
guanidine function of the ligand, the alcohol and CO2 is an equilibrium reaction and, as pre-
viously also shown in 3.1, the temperature has a large influence on this kind of equilibrium.
Increasing the temperature shifts the equilibrium back to the original compounds. To avoid
this shift during the hydroformylation reaction, the reactions were performed at room tem-
perature (Table 3.4, entries 1–3) but this decrease had a large influence on the activity and
selectivity. Simply, decreasing the temperature caused an complete deactivation of the hy-
droformylation reaction and only isomerisation products were observed (entry 1). Increasing
the ratio of 12 ([Rh]:[12], to shift the equilibrium towards the carbonate formation, caused
an additional decrease in activity (entry 2). However, further increasing the ratio of 12 led
to a decrease of isomerisation and a similar selectivity as obtained with TPP as ligand (entry
3 vs. Table 3.2, entry 2).
Using an increased ratio of 12 at higher temperature (60 ○C) gave an high conversion with a
similar selectivity as obtained with lower 12 ratio (l:b = 2.70 vs. 2.85, entry 4 vs. Table 3.3,
entry 5). Also replacing half of the solvent with 12, possibly shifting the equilibrium further
towards the carbonate formation, gave similar activities and selectivities (entry 5). These
results showed that the ratio of 12 has no direct influence on selectivity, but gives no infor-
mation about the equilibrium between the guanidine function, CO2 and alcohol.
The high pressure NMR measurements (section 4.2) had revealed that the reaction between
Table 3.4.: Influence of the presence of alcohol and CO2 on the selectivity in the rhodium-catalysed
hydroformylation of 1-octene.a
Entry [Rh]:[62] [Rh]:[12] T / ○C Cvb /% Selb /% l : bb
1 1 : 6 1 : 7 RT 18 – –
2 1 : 6 1 : 70 RT 16 – –
3 1 : 6 1 : 230 RT 14 81 61 : 39 (1.56)
4 1 : 6 1 : 70 60 99 > 99 73 : 27 (2.70)
5c 1 : 6 1 : 2000 60 99 > 99 74 : 26 (2.85)
6 1 : 19 1 : 70 60 99 99 74 : 26 (2.85)
[a] Reaction conditions: 0.002 mmol [Rh(acac)(CO)2], S/C = 1000, 1 mL
toluene, pCO/H2 = 2.0 MPa, pCO2 = 5.0 MPa, t = 16 h. [b] Conversion and
selectivity determined via GC. [c] 0.5 mL toluene.
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the ligand 62, the alcohol 12 and CO2 was not quantitative under 5.0 MPa of CO2 (72%).
It seemed likely that, under reaction conditions used in the hydroformylation reaction, the
reaction between 62, CO2 and 12 would not be quantitative either. Therefore, the ratio
between rhodium and ligand ([Rh]:[62]) was increased (entry 6). The increase of ligand did
not show any influence on the activity or selectivity (entry 4 vs. 6).
Overall, it can be concluded that the presence of alcohol (independent of the ratio) or CO2 has
very little influence on the selectivity in the hydroformylation with the guanidine-substituted
phosphines as ligand.
In an attempt to increase the interaction between the carbonate and the protonated amine
groups a diol was used as a sort of template for the interaction between the guanidine function,
the diol and CO2, leading to a self-assembly of the monodentate ligands to a “bidentate”
ligand and thus influence the regioselectivity in the hydroformylation reaction.
The hydroformylation reaction of 1-octene with ligand 68 in presence of 1,4-butanediol had
the same influence as the presence of 1-hexanol, resulting in decreased activity and similar
selectivity (Table 3.5, entry 1). Pressurizing the autoclave with CO2, prior to the reaction,
led to an increase in activity, up to the same range as obtained without any additives (entry
2 vs. Table 3.2, entry 3). Applying the ligands 62 and 63 in presence of 1,4-butanediol and
CO2 had the same minor effect on the activity and selectivity as with 1-hexanol (entries 3
and 5). Changing from 1,4-butanediol to glycol, consequently reducing the chain length of
the diol and minimizing the size of the template between the monodentate ligands had no
effect on the selectivity and only minor influence on the activity (entries 3–6).
Table 3.5.: Influence of diol and CO2 on the selectivity in the rhodium-catalysed hydroformylation of
1-octene.a
Entry Ligand Alcohol CO2 Cv
b /% Selb /% l : bb
1 68 1,4-butanediol – 49 > 99 70 : 30 (2.33)
2 68 1,4-butanediol + 64 > 99 68 : 32 (2.13)
3 62 1,4-butanediol + 91 99 73 : 27 (2.70)
4 62 glycol + 95 99 71 : 29 (2.45)
5 63 1,4-butanediol + 92 > 99 72 : 28 (2.57)
6 63 glycol + 83 > 99 71 : 29 (2.45)
[a] Reaction conditions: 0.002 mmol [Rh(acac)(CO)2], [Rh]/[L] = 1/6,
[Rh]/[diol] = 1/7, S/C = 1000, 1 mL toluene, T = 60 ○C, pCO/H2 = 2.0
MPa, pCO2 = 5.0 MPa, t = 16 h. [b] Conversion and selectivity determined
via GC.
Overall, it can be concluded that the presence of CO2 and alcohol, whether primary, sec-
ondary, or diol, has very little influence on the selectivity of the catalyst with the different
guanidine-substituted phosphines as ligands in the rhodium-catalysed hydroformylation. The
attempts to influence the selectivity by influecing the coordination geometry (e.g. the bite
angle) through reaction of the guanidine groups with an alcohol and CO2 did not succeed
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so far. Also the use of a diol as template to form a “bidentate” ligand through the reaction
between the guanidine groups, CO2 and diol was not successful.
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5. Summary and outlook
A systematic set of guanidine-substituted triphenylphosphines were synthesised. The para-
and meta-substituted (63 and 62) were obtained according to the reported literature pro-
cedures and the ortho-substituted triphenylphosphine, N,N -dimethyl-N’ -(2-diphenylphos-
phino)phenylguanidine 68 was successfully synthesised via two different synthetic routes.
The best results were obtained with the substitution of the halogen in ortho-substituted ani-
line with diphenylphosphine, followed by the introduction of the guanidine function on the
amine function. Using this method, an overall isolated yield of 24% could be achieved. The
newly synthesised ligand could be isolated in pure form and characterised. The shifts of
the meta and para-substituted triphenylphosphines (62 and 63 respectively) are in the same
range of TPP (–4.9, –6.6 vs. –5.0 ppm), whereas the shift of 68 is –14.1 ppm underlying the
different steric features of this ligand.
To investigate the reactivity of the guanidine functions towards 1-hexanol (12) and CO2,
high pressure NMR measurements were done. The three ligands 62, 63 and 68 respectively,
were dissolved in CDCl3 and analysed by NMR spectroscopy. Subsequent addition of 12 and
pressurising with CO2 were analysed, which showed distinct differences in the spectra. The
difference in spectra could be related to the difference in steric properties of 68 as compared
to 62 and 63. The measurements clearly showed that the ortho-substituted ligand does not
interact with 12 and CO2 to form the guanidinium hexyl carbonate species 73. In contrast,
the meta- and para-guanidine substituted ligands interact with CO2 in presence of 12 and
up to 72% and 56% respectively of the corresponding guanidinium hexyl carbonate species
74 and 75 are formed.
The three ligands, 62, 63 and 68 respectively, were applied in the rhodium-catalysed hy-
droformylation of 1-octene. It was observed that all three ligands suppress the side-reaction
isomerisation, which occurs if TPP is used as ligand. However, no significant influence of
the guanidine function on the phenyl ring on the selectivity of the reaction can be observed.
In all three cases the l:b ratio ranges from 2.45–2.57. The only evident difference between
the ligands can be seen in the activity of the catalyst, which decreased dramatically when
the ligand 68 is used (61% instead of 99%), in line with previous reported results for ortho-
substituted triphenylphosphines. [64]
The attempts to influence the selectivity of the catalyst via an reaction of the ligand with
CO2 and an alcohol showed no significant change in selectivity towards the linear product (in
range of 2.13–2.85). With the ligand 68, the largest influence is an increase of activity (83%)
with constant selectivity (2.13).
Since the HP-NMR results obtained with ligand 62 were the most promising (72% of ionic
species), variation of the temperature, the metal to alcohol ratio ([Rh]:[12]) and metal to
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ligand ratio ([Rh][62]) were done. The decrease of temperature had a large influence on
the activity (18%, only isomerisation products). The variation of the ratios [Rh]:[12] and
[Rh][62] had no significant influence on the selectivity (ranging from 2.75-2.80). Especially
compared to reported systems by the groups of Breit and Reek, who independently increased
the selectivities up to l:b = 96 : 4 (24.0).
Future investigations towards the use of such reactions to influence the selectivity of the
catalyst should go towards reactions of which the equilibrium is shifted more towards the
ionic species. This could be achieved with the use of biphasic systems (IL with organic phase),
where the transfer of the ionic species towards the ionic liquid would drive the equilibrium
to complete conversion.
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6. Experimental
6.1. General
6.1.1. Working in inert atmosphere
All manipulations involving moisture- and oxygen-sensitive compounds were carried out under
inert atmosphere using standard Schlenk techniques, or a standard argon-filled glove box
(MBraun LabMaster SP). Argon 4.8 (Messer, Germany) was used as inert gas, which was
further purified by MB 100-HP of M. Braun Inertgas-Systeme GmbH. Carbon dioxide
4.5 (99.995%, Westfalen Gas, Mu¨nster) and hydrogen 5.5 (UltraPure, Air Products,
Bochum) were used as reaction- and inert gas. All gases were supplied with an in-house
gas supply system from Dra¨ger AG. Glassware was cleaned with acetone, consecutive
immersion in isopropanol/KOH and diluted aqueous HCl, and rinsing with deionised water.
Prior to use, all glassware was dried at 400 ○C with a heatgun under vacuum (1 x 10−3 mbar),
evacuated 3 times and flushed with argon. Metal parts of the high pressure equipment were
cleaned by sonication in dichloromethane, brushing in acetone and drying with compressed
air.
6.1.2. Purification and drying of solvents
Toluene, n-pentane and dichloromethane were degassed with argon and dried passing through
columns filled with aluminium oxide (heated for 5h at 375 ○C) prior to usage, then stored
over activated molecular sieves 4A˚. Tetrahydrofurane and diethyl ether were dried over KOH,
distilled under reduced pressure, stored over activated molecular sieves 4A˚ and degassed
prior to use by bubbling argon through the solvent with a frit for 3h. Ethanol and acetone
were distilled under reduced pressure, stored over activated molecular sieves 3A˚ and degassed
prior to use. The residual water content was determined with a Karl-Fischer-Titration using
a Metrohm 756 KF Coulometer with a Hydranal AG-solution. The maximal water quantity
was < 50 ppm. Deuterated solvents CDCl3, CD2Cl2, d6-DMSO and d4-methanol were stored
over activated molecular sieves and degassed via three freeze-pump-thaw cycles as was D2O.
Deionised water was taken from a reverse-osmotic purification system (Werner EasyPure
II) and degassed prior to use.
6.1.3. Chemicals
All chemicals were purchased from commercial sources and used as received, unless otherwise
indicated. 1-Octene and nonane were distilled under reduced pressure and stored under argon.
6.1.4. Microwave
For the synthesis, a Discover microwave from CEM was used. The synthesis of 65 was
performed in a 35 mL microwave vial at 140 ○C (high stirring rate, 300 Watt) for 80 min,
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followed by 15 min at 50 ○C. The maximal pressure increase was set to 2 bar, which was
controlled by the heating power.
6.2. Analysis
6.2.1. NMR spectroscopy
The NMR spectra were recorded with a Bruker AV-600 (1H: 600 MHz, 13C: 151 MHz, 31P:
243 MHz) or a Bruker AV-400 (1H: 400 MHz, 13C: 101 MHz, 31P: 162 MHz) spectrometer,
at room temperature. The calibration of the 1H-NMR spectrum was based on the residual
solvent signal (δ(CHCl3) = 7.26 ppm and
13C-NMR δ(CDCl3) = 77.16 ppm, respectively).
The 31P-NMR chemical shifts are referenced to 85% H3PO4 as external standard. Chemical
shifts δ are given in ppm and coupling constants J in Hz. The following abbreviations are
used to describe the first order spin multiplicities: singlet (s), doublet (d), triplet (t), and
quadruplet (q). Couplings of higher order or overlapped signals are denoted as multiplet (m),
broadened signals as (br). Assignments are done based on attached proton tests (ATP) and
2D-correlation spectroscopy (HSQC and HMBC).
High pressure measurements (HP-NMR) were done in a 5 mm sapphire tube (id = 3.4 mm,
V = 0.87 mL) glued into a titanium head connected to an electronic pressure reader. The
pressurised tube was equipped with a wide-bore spinner and on a string manually lowered
into the magnet. The sample was measured locked on CDCl3, shimmed manually and data
acquisition taken without spinning, with minimal delay. Spectra were automatically baseline-
and phase-corrected and peaks integrated manually.
6.2.2. Gas Chromatography (GC)
GC analysis of the catalysis reactions were performed on a Agilent Technologies 7820A
using a HP Pona capillary column (l = 50 m, id = 0.2 mm, tf = 0.5 μm), the temperature
program (50–230 ○C, 5 min isothermally at 50 ○C, heating 8 ○C/min and 10 min at 230 ○C)
with 0.6 mLN min
−1 N2 flow, a flame ionisation detector at 250
○C and a detection range of
10. Retention times (tr) and correction factors (Cf ) are listed in Table 3.6.
Table 3.6.: GC retention times and correction factors of relevant compounds.
compound tr / min Cf
1-octene 9.99 0.98
2-octene 10.35 0.98
3-octene 10.44 0.98
4-octene 10.69 0.98
nonane 13.14 1.00
2-methyloctanal 16.59 1.27
nonanal 17.49 1.27
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6.2.3. Mass spectrometry (MS)
MS analyses were performed on a Varian 500 MS by direct ESI in (+) polarisation from
organic solution without acidification.
6.3. Working with compressed gases
6.3.1. Safety warning
Operators of high pressure equipment such as the one required for these experiments should
take proper precautions, including but not limited to the use of blast shields and pressure
relief mechanisms, to minimize the risk of personal injury.
6.3.2. Apparatus specification
The autoclaves used were constructed out of stainless steel (steel grade 1.4571, V4A) by the
mechanical workshop at the Institut fu¨r Technische und Makromolekulare Chemie (ITMC).
All accessories, such as fittings, tubings, valves and pressure gauges were purchased from
commercial sources. The norm-fittings of the firms Hoke and HyLok were used and are
compatible with each other.
Finger autoclave
The catalysis reactions in common solvents were performed in a 10 mL-finger autoclave, as
shown in Figure 3.11. The autoclave is equipped with an analogue pressure gauge and a
needle valve. The needle valve enables the evacuation and filling with gas. An additional
inlet enables the charging of liquids under inert atmosphere. Metal-catalysed reactions were
performed in a glass inlet inserted into the finger autoclave, and were heated in an oil bath.
Figure 3.11.: Engineering drawing of a 10 mL-finger autoclave; 1) reaction chamber, 2) inlet, 3)
pressure gauge and 4) needle valve.
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6.4. Synthesis
6.4.1. N,N -dimethyl-N’ -2-iodophenyl guanidine (72)
I
C9H12IN3 (289.1 g/mol)
1
2
3 5
4
N
NH2
N7
9
9'
8
6
Ethereal HCl (2.3 mL, 2.0 M) was added dropwise under stirring to a solution of 2-iodoaniline
(69, 1.00 g, 4.6 mmol) in diethyl ether (20.0 mL), upon which a white solid precipitated. The
solid was isolated, washed with diethyl ether (3 x 5 mL) and dried in vacuo overnight.
To the obtained 2-iodophenylammonium chloride (70), an excess dimethylcyanamide (1.6
mL, 20.0 mmol) was added and the resulting reaction mixture stirred at 130 ○C for 20 min.
After the mixture had cooled down to room temperature, deionised water (10 mL) was added
and the resulting mixture extracted with diethyl ether (7 x 5 mL), to remove the excess
dimethylcyanamide. The aqueous phase was separated and under a reduced pressure of 1
mbar, the ether dissolved in the aqueous solution was removed.
To the aqueous solution, aqueous NaOH (2.5 M) was added drop wise until the pH value
reached 14. The reaction mixture was extracted with CH2Cl2 (9 x 5 mL) and the collected
extracts concentrated under reduced pressure. The obtained brown viscous liquid was puri-
fied by column chromatography (silica, pentane : ethylacetate : triethylamine = 1.5:6:0.75,
Rf = 0.44) to yield an off-white solid.
Yield: 518.6 mg, 1.8 mmol (39 %)
1H-NMR (400 MHz, CDCl3): δ = 3.02 (s, 6H, H: 9, 9’), 3.84 (br s, 2H, H: 8), 6.66 (t of
d, 2J = 7.6 Hz, 3J = 1.6 Hz, 1H, H: 3), 6.90 (d of d, 2J = 7.9 Hz, 3J = 1.6 Hz, 1H, H: 5),
7.23 (t of d, 2J = 7.6 Hz, 3J = 1.5 Hz, 1H, H: 4), 7.79 (d of d, 2J = 8.0 Hz, 3J = 1.5 Hz,
1H, H: 2) ppm.
13C-NMR (101 MHz, CDCl3): δ = 37.8 (s, C: 9, 9’), 96.7 (s, C: 1), 123.3 (s, C: 5), 123.3
(s, C: 3), 129.3 (s, C: 4), 139.2 (s, C: 2), 151.7 (s, C: 6), 152.2 (s, C: 7) ppm.
ESI(+)MS: calc. for C9H12IN3: 289.12. Found: m/z = 289.90.
Literature: adapted from Stelzer. [61]
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6.4.2. 2-(Diphenylphosphino)aniline (65)
P
C18H16NP (277.3 g/mol)
1
2
3
4
6'2'
3' 5
6
7
8
7'
1
2'2
3 3'
4
NH2
9
A microwave vessel (35 mL) was charged in the glovebox with 2-fluoroaniline (64, 1.11 g,
10.0 mmol) and a solution of potassium diphenylphosphide (0.50 M KPPh2 in THF, 20.0 mL,
10.0 mmol). The vessel was closed and heated in the microwave at 140 ○C for 80 min. The
obtained reaction mixture was quenched with deionised water (15 mL) and the organics ex-
tracted with toluene (2 x 20 mL). The extract was filtered through a short alumina plug and
the clear yellow solution concentrated under reduced pressure. A viscous liquid was obtained
and purified by column chromatography (silica, pentane : ethyl acetate = 7:3, Rf = 0.58) to
yield a white solid.
Yield: 2.35 g, 8.5 mmol (85 %)
1H-NMR (400 MHz, CDCl3): δ = 4.15 (br s, 2H, H: 9), 6.63–6.73 (m, 2H, H: 6, 7), 6.78
(t of d, 2J = 6.6 Hz, 3J = 1.7 Hz, 1H, H: 7’), 7.18 (t of d, 2J = 7.6 Hz, 3J = 1.8 Hz, 1H, H:
8) 7.27–7.43 (m, 10H, H: 1, 2, 2’, 3, 3’) ppm.
13C-NMR (101 MHz, CDCl3): δ = 115.5 (s, C: 7’), 118.8 (s, C: 7), 119.4 (d, JPC = 8.8
Hz, C: 5), 128.6 (d, 3JPC = 7.8 Hz, C: 3, 3’), 128.8 (s, C: 4), 130.4 (s, C: 8), 133.7 (d, JPC
= 19.2 Hz, C: 2, 2’), 134.3 (d, 2JPC = 2.4 Hz, C: 6), 135.5 (d, JPC = 8.9 Hz, C: 1), 149.8
(d, 1JPC = 19.5 Hz, C: 6’) ppm.
31P(1H)-NMR (162 MHz, CDCl3): δ = – 20.4 (s) ppm.
ESI(+)MS: calc. for C18H16NP: 227.30. Found: m/z = 227.45.
Literature: according to Holland. [63]
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6.4.3. N,N -dimethyl-N’ -(2-diphenylphosphino)phenyl guanidine (68)
P
C21H22N3P (347.4 g/mol)
1
2
3
4
6'2'
3' 5
6
7
8
7'
1
2'2
3 3'
4
N
NH2
N9
11'
11'
10
Method A:
Ethereal HCl (3.2 mL, 2.0 M) was added under stirring to a solution of 2-(diphenylphosphino)
aniline (65, 1.58 g, 5.7 mmol) in CH2Cl2 (20.0 mL). A yellow solution was obtained, which
was concentrated under reduced pressure yielding a yellow solid.
To this solid (anilinium phosphine, 66), an excess dimethylcyanamide (2.0 mL, 24.7 mmol)
was added and the resulting mixture stirred at 110 ○C overnight. To remove the excess
dimethylcyanamide, the highly viscous mixture was extracted with diethyl ether (7 x 5 mL).
The pale yellow solid residu was dried in vacuo overnight to remove all organic solvents.
The solid was dissolved in deionised water (6.0 mL) and to this solution aqueous NaOH solu-
tion (2.5 M) was added drop wise until the pH reached a value of 14. The reaction mixture
was extracted with CH2Cl2 (3 x 5 mL) and the collected extracts concentrated under reduced
pressure. The obtained yellow viscous liquid was purified by column chromatography (silica,
pentane : ethylacetate : triethylamine = 1:6:0.75, Rf = 0.48) to yield an off-white solid.
Yield: 435.6 mg, 1.3 mmol (22 %)
Overall yield: 19 %
Method B:
To a solution of diphenylphosphine (206.1 mg, 1.1 mmol) and N,N -dimethyl-N’ -2-iodophenyl
guanidine (72, 314.9 mg, 1.1 mmol) in acetonitrile (2.5 mL) equimolar amounts of triethy-
lamine (0.15 mL, 1.1 mmol) were added. The reaction mixture was heated at reflux and
charged with a solution of [Pd(PPh3)4] (25.1 mg, 0.02 mmol) in acetonitrile (1.5 mL) and
degassed water (1.0 mL). After 90 h, the solvents were removed in vacuo and the remain-
ing red residue dissolved in 4 mL of a 1:1 water-CH2Cl2 mixture. The organic phase was
separated, the aqueous phase extracted with CH2Cl2 (4 x 3 mL) and the combined organic
phases concentrated under reduced pressure. The obtained viscous red liquid was purified
by column chromatography (silica, pentane : ethylacetate : triethylamine = 1:6:0.75, Rf =
0.48) to yield an off-white solid.
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Yield: 236.0 mg, 0.7 mmol (62 %)
Overall yield: 24 %
1H-NMR (400 MHz, CDCl3): δ = 2.61 (s, 6H, H: 11, 11’), 3.54 (br s, 2H, H: 10), 6.62–
6.69 (m, 1H, H: 7’), 6.70–6.79 (m, 2H, H: 6, 7), 7.12 (t of d, 2J = 7.6 Hz, 3J = 1.5 Hz, 1H,
H: 8), 7.15–7.20 (m, 6H, H: 3, 3’, 4), 7.20–7.29 (m, 4H, H: 2, 2’) ppm.
13C-NMR (101 MHz, CDCl3): δ = 37.3 (s, C: 11, 11’), 121.8 (s, C: 7), 122.4 (s, C: 6),
128.1 (s, C: 4), 128,2 (d, JPC = 2.2 Hz, C: 3, 3’), 129.6 (s, C: 8), 132.6 (d, JPC = 5.3 Hz, C:
5), 132.8 (s, C: 7’), 134.2 (d, JPC = 20.0 Hz, C: 2, 2’), 137.9 (d, JPC = 10.9 Hz, C: 1), 151.5
(s, C: 9), 152.9 (d, JPC = 19.3 Hz, C: 6’) ppm.
31P(1H)-NMR (162 MHz, CDCl3): δ = – 14.1 (s) ppm.
ESI(+)MS: calc. for C21H22N3P: 347.39. Found: m/z = 347.20.
Literature: adapted from Stelzer. [60–62]
6.5. Catalysis
General procedure for the Rh-catalysed hydroformylation
A stock solution of [Rh(acac)(CO)2] (4.0 mM) in toluene was prepared. The desired amount
of ligand and alcohol were dissolved in toluene (0.5 mL) and the rhodium precursor (2.0 μmol,
0.5 mL stock solution) was added. The mixture was stirred at ambient temperature for 30 min,
and then was transferred to the autoclave under an argon atmosphere. A 1-octene/nonane-
mixture (2.0 mmol, 6/1) was added and the autoclave pressurised with the desired CO2
(optional) and syngas pressure (H2/CO = 1:1) and heated. After the desired reaction time at
the respective reaction temperature, the autoclave was cooled down to ambient temperature
and the pressure slowly released through a bubble counter. The reaction mixture was filtered
through a silica plug and analysed by GC using nonane as an internal standard.
6.6. High pressure NMR spectroscopy
General procedure:
A defined amount of ligand was dissolved in CDCl3 (0.5 mL) under inert atmosphere. In
a glovebox, 0.35 mL of this solution was transferred to the high pressure NMR tube and
the 1H, 13C and 31P spectra were measured under argon atmosphere (lock modus, manually
shimmed). In the next set of measurements, the solution from the NMR tube was transferred
back to the Schlenk tube and 1 eq. of 12 was added and mixed well. Of the resulting solution,
0.35 mL was transferred to the NMR tube again followed by the measurement of the 1H, 13C
and 31P spectra under argon atmosphere. In the final set of measurements, the NMR tube
was pressurised with 5.0 MPa CO2 and shaken carefully but well to achieve complete mixing
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of the gas and the solution. As soon as the pressure remained constant (equilibrium between
reaction and dissolution is reached) the 1H, 13C and 31P spectra were measured.
Table 3.7.: Used quantities of ligand and 1-hexanol (12).
Ligand Alcohol quantity / mg n / mmol volume / μL Ratio (Ligand : 12)
theoretical relative signal
intensity
68 50.6 0.146
1 : 1 1 : 1.1
12 14.9 0.146 18.2
62 50.8 0.146
1 : 1 1 : 1.0
12 14.9 0.146 18.2
63 30.8 0.097
1 : 1 1 : 1.2
12 9.9 0.097 12.2
The ratio between the ligand and 12 was determined from the 1H NMR spectra comparing
the ratio between the signal of the CH3-groups in the guanidine function of the ligands and
the signal of the CH3-group of the hexyl chain.
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IV. Switchable catalysts for the synthesis
of cyclic carbonates
1. Background and introduction
1.1. CO2 as an alternative carbon source
A precondition for a sustainable society is the utilization of renewable resources and the reuse
of waste materials. [1] In this respect, the chemical transformation of carbon dioxide (CO2)
into valuable materials and compounds represents a very attractive application. CO2 is an
abundantly available renewable carbon source, which is mainly generated by the exploitation
of fossils resources such as oil, coal and natural gas. The direct utilization of this greenhouse
gas as a feedstock would to some extent contribute in a positive manner to the saving of raw
material. [2–4]
The use of CO2 as an alternative carbon source has been a longstanding challenge for chemists
and a lot of pioneering works towards the incorporation of CO2 into valuable compounds has
been pursued. Up to date, a broad range of chemical reactions for synthesizing organic
compounds from CO2 are known, some of which have led to industrialised productions (see
Scheme 4.1 for an overview). [3,5–8]
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Scheme 4.1: Examples for organic synthesis starting from CO2 as a C1 building block - adapted from
ref. 3 and 8 (* : end groups; e : industrialised).
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Among these reactions, the transformation of CO2 into organic carbonates such as dialkyl and
diaryl carbonates has received wide spread interest. These organic carbonates are interesting
due to their broad area of application in e.g. the production of engineering plastics (a
raw material of polycarbonates and polyurethanes), [9] electrolyte solvents for lithium ion
batteries, [10] organic solvents, [11,12] fuel additives, [13] and green reagents. [14]
The direct synthesis of these carbonates from CO2 and alcohols remains a challenge (see
Scheme 4.2). The mayor limitations are thermodynamic restrictions (equilibrium reactions),
the formation of water (hydrolysis of the carbonate) and the decomposition of the catalyst. [10]
ROH  +  CO2
cat.
O O
O
R R +  H2O
Scheme 4.2: Catalytic synthesis of organic carbonates from CO2 and alcohols.
To overcome these limitations, three general strategies have been discussed: a) the use of
high CO2 pressure to force an equilibrium shift towards the products, b) employment of
(recyclable) dehydrating agents (e.g. molecular sieves or acetals) and c) a combination of
basic catalysts (e.g. Sn, Zr, Ti alkoxides) and acidic co-catalysts (e.g. Sc(OTf)3). The
use of compressed and supercritical CO2 in particular has been shown to have a beneficial
effect on the shift of the equilibrium and led to an increase of the reaction rates. [15] However,
the currently best available systems are still not efficient enough for practical utilization
replacing the industrial process based on phosgene. [16] Alternative routes for the synthesis
of organic carbonates include the reaction of alcohols with urea, the transesterification of
cyclic carbonates with aliphatic alcohols and the commercialised oxidative carbonylation of
aliphatic alcohols. [3,17]
Another area of great interest are the catalysed coupling reactions of CO2 with epoxides to
obtain co-polymers or cyclic carbonates (see Scheme 4.3).
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Scheme 4.3: Catalytic synthesis of cyclic carbonates and polycarbonates from CO2 and alcohols (* :
end groups).
The direct co-polymerization of epoxides with CO2 leads to polyalkylene carbonates, firstly
discovered by Inoue and co-workers in 1969. [18,19] Depending on the catalyst system used,
polyalkylene carbonates either with alternating repetition units or with polyether units link-
ing the carbonate units can be obtained. The use of chromium(III)salen and -salan com-
plexes, [20–23] cobalt(III)-catalysts [24–27] or Lewis acidic compounds such as rare-earth com-
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plexes, [28] zinc(II)-diiminate-ethylsulfinate [29] or -glutarate [30,31] give the alternating copoly-
mer whereas the polyether carbonates are obtained when double metal cyanide catalysts
such as Zn3[Co(CN)6]2 are employed.
[2,3,32] These polyether carbonates have structural simi-
larities to conventional polyether materials and can be employed as polyalcoholic precursors
in the polyurethane production. Classically, polyurethanes are used for building materi-
als, foams and insulating materials and using polyether carbonates polyol monomers for the
polyurethane production would allow CO2 to access this market. The advantage of this
application would be the CO2 incorporations and long-term fixation of CO2 for years or
decades. [3]
The other reaction of CO2 with epoxides, leading to the synthesis of five-membered cyclic
carbonates, is the cycloaddition. This reaction is the main topic of this chapter and will
therefore be discussed in further detail in the following sections.
1.2. Catalytic synthesis of cyclic carbonates
Five-membered cyclic carbonates can be synthesised via different routes, as depicted in
Scheme 4.4.
a) The reaction of chlorohydrins with ammonium hydrogencarbonate ([H4N]
+[HCO3]
−),
under CO2-atmosphere, gives the desired carbonate under elimination of ammonium
chloride (which can be reconverted back to the hydroxide) and water. The ammonium
hydrogencarbonate is obtained by the reaction of ammonium hydroxide with gaseous
CO2 .
[33,34] This route is widely used in preparative organic synthesis as it is performed
at ambient pressure, with no special equipment required. However, the solvent-intensive
preparation and regeneration of [H4N]
+[HCO3]
− is a major drawback.
b) The insertion of CO2 to epoxides gives the desired carbonate in a 100% atom-economic
reaction. Many homogeneous and heterogeneous catalysts are known to be active and
selective in the formation of various cyclic carbonates. The industrial production of
cyclic ethylene and propylene carbonates is performed via this route. [8,10] The same
strategy can be applied to the synthesis of more complex structures, as the epoxy
substrates are often easily available by the catalytic epoxidation of alkenes. Although,
high temperatures and high CO2 pressures are mostly needed and therefore special
equipment is necessary.
c) The coupling reaction of CO2 with vicinal diols gives the desired carbonate under elim-
ination of water. This dehydrative reaction is catalysed by solid catalysts such as
CeO–ZrO2 or MgO, or organic ”superbases” such as 1,8-diazabicyclo[5.4.0]undec-7-ene
(11, DBU) or 2,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). [35–37] Limitations such as high
temperatures, high CO2 pressures, water as by-product, and thermodynamic restric-
tions make this reaction very demanding. It has been reported for certain substrates,
but in most cases only low yields were obtained.
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Scheme 4.4: Possible routes for the synthesis of five-membered cyclic carbonates from CO2 using a)
chlorohydrins, b) epoxides, c) vicinal diols, d) olefins, or e) cyclic ketals.
d) Starting from olefins, the epoxidation and CO2 insertion are combined in an one-pot
reaction. This oxidative carboxylation reaction can be catalysed by e.g. metal oxides
or metal-free compounds. [38–40]
e) The copper-catalysed reaction of a cyclic ketals with CO2 under supercritical conditions
gives ethylene carbonate as product. The cyclic ketal is formed from cyclohexanone
and 1,2-ethanediol catalysed by iron. The addition of methanol as co-solvent in scCO2
prevents the formation of ethylene carbonate and only the alcoholysis of the ketal is
observed. [41]
The main route chosen for the synthesis of cyclic carbonates is the CO2 insertion into
epoxides (route b). For this reaction, a large variety of catalysts is known, including e.g.
halides, [42,43] quaternary ammonium or phosphonium salts, [42–46] amines, [47–49] ionic liquid
based systems, [50–54] main group and transition metal complexes (e.g. porphyrins, salan/salen
complexes, organo-tin halides), [20,55–59] metal oxides [60,61] and modified zeolites. [62,63]
Of these catalysts, halide based quaternary ammonium salts are generally used as simple but
effective catalysts under homogeneous reaction conditions. The catalytic role of tetraalkylam-
monium halides (R4NX) and related species in the CO2 addition is well established.
[42,45,64]
The anion X− attacks the less hindered side of the epoxide to open the ring by forming a halo-
alkoxide intermediate. The strong nucleophilic alkoxide attacks CO2 to give the carbonate
anion, which then undergoes a SN2 reaction simultaneously forming a five-membered ring
and eliminating the anion X−. This double inversion leads to the retention of the stereochem-
istry (see Scheme 4.5).
The catalytic performance and the reaction rate is hereby greatly influenced by the nucle-
ophilicity and leaving group properties of the anion as well as the stabilizing effect of the
counter cation. Furthermore, the in situ formation of trialkylamine (R3N) followed by the
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formation of a R3N
+–CO−2 adduct (CO2 activation) is considered to play an additional role
in this catalytic process. [64]
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Scheme 4.5: Catalytic role of tetraalkylammonium halides in the synthesis of cyclic carbonates from
CO2.
1.3. Application and utilization of cyclic carbonates
Cyclic carbonates have attracted increased interest in industry and academia alike, due to
their special physico-chemical properties and their relative simple manufacturing process. [44]
They are polar aprotic solvents, who tend to form biphasic systems with water and with un-
polar solvents such as hydrocarbons. Furthermore, they have high dipole moments and high
dielectric constants, which is ideal for non-aqueous electrochemical applications. Ethylene
carbonate (EC) and propylene carbonate (PC) are especially attractive as possible ”green
solvents”, due to their biodegradability and low toxicities. Furthermore, they have high dis-
solving power, high boiling and flash points and low odour levels and evaporation rates. [65]
As commercially available solvents, they are already used in many industrial applications
such as surfactants in cleaning or degreasing, gas treating, fuel additives (oxygen rich), paint
stripping, textile dyeing, coatings as well as in cosmetics and personal care. [66,67] Additionally
they can be applied as solvents for electrolytes in lithium batteries or in the medical industry
as biodegradable drug delivery system or other biological applications. [68,69] Furthermore, it
has been demonstrated that cyclic carbonates derived from oleo chemicals may be used as
biomedical agents, [70] polymer plasticizers [71,72] or ”green” high performance multi-functional
fluids e.g. as lubricants for tribological systems. [73,74]
Besides the direct application of these cyclic carbonates, they also have a great potential
as reactive intermediates (see Scheme 4.6). Transesterification reactions with alcohols lead
to (a) linear carbonates or (b) 2-hydroxyalkyl carbonates and reactions with diols give poly-
carbonates (d). [66] The hydrolysis of cyclic carbonates leads to high-purity 1,2-diols (c) and
with carboxylic acids they readily react to form 2-hydroxethyl ethers (j). [75] With primary
and secondary amines, the cyclic carbonates are converted into urethanes (g), carbamates (f)
or ureas (e). [67,76] Coupling reaction with isocyanates can lead to oxazolidinones (h). The
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oxazolidinones can also be obtained from the urethanes (g) upon loss of water (k). [77] The
ring-opening (RO) polymerisation yields polymers containing polyether and polycarbonate
units due to the partial elimination of CO2 (i).
[78,79]
In the context for this thesis, an interesting reaction is an alternative route to polyurethanes
is the polyaddition of diamines with two vegetable-based biscarbonates, produced from oleic
acid methyl ester. [80]
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Scheme 4.6: Possible applications in organic synthesis for the utilization of cyclic carbonates as key
intermediates.
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2. Interest and motivation
As outlined above, a large variety of catalysts are known to promote the synthesis of cyclic
carbonates from CO2 and epoxides and it has been recognised that a combination of a Lewis-
acid with Lewis-base and nucleophile gives the most effective catalytic systems. [57] In these
combinations, the Lewis-acid activates the epoxide, whereas the base activates the CO2. The
functions of the nucleophile are the ring-opening of the epoxide and act as a leaving group
during the ring-closing step. Additionally, the incorporation of halide anions as part of the
solid catalyst or within the co-catalyst is often found necessary to obtain a catalytically active
species.
However, more recently active and selective catalytic systems without halides were devel-
oped. [47–49,81–83] For example, Shi et al. reported a series of combinations of phenols with
organic bases as catalysts for the synthesis of various cyclic carbonates. [81,82] In the reaction
of styrene oxide (76) to styrene carbonate (77) (see Scheme 4.7), they reported that a 1:1
combination of p-methoxyphenol and 4-dimethylaminopyridine (DMAP) yields up to 96% of
77 under mild conditions (3.57 MPa CO2, 120
○C) in 48 hours. The group of Sakai reported
about the use of a bifunctional organocatalyst based on an ammonium betaine framework. [83]
They found that with the betaine 3-(trimethylammonio)phenolate, yields of up to 98% of 77
could be obtained under even milder conditions (1.0 MPa CO2, 120
○C) in 24 hours. [83]
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Scheme 4.7: The catalytic insertion of CO2 to styrene oxide 76, to form styrene carbonate 77.
These reported combinations of alcohol with organic base or alcoholate with ammonium func-
tions have similarities with the switchable polarity solvents, firstly reported by Jessop, Liotta
and Eckert, where an ionic liquid can easily be switched reversibly to its non-ionic liquid
state (as described in section I.5.1, see Scheme 4.8). [84–87]
The focus of this chapter is to investigate the possibility to apply switchable solvent sys-
tems as catalysts or reagents for the CO2 insertion into epoxides. Up to date, these systems
have only been used as solvents for reaction and separation processes. [87–89] Parallel to our
investigaions, the group of Weiss reported the use of switchable solvent systems based on
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Scheme 4.8: Switchable solvent system from a molecular liquid mixture of DBU (11) and 1-hexanol
(12) to the ionic liquid [DBUH]+[HexOCO2]
− (32) upon addition of CO2.
hexylamine and N’ -hexyl-N,N -dimethylacetimidamide in the reaction of interest. However,
they used the switchable solvent system only as solvent in combination with a catalyst that
was based on the corresponding amidine halide. [90] In our investigations, the focus went to
halide free catalysts, since the presence of halides can cause problems due to corrosion.
Our idea behind the use of these systems rely on the activation of CO2 through the formation
of a carbonate anion, which can act as nucleophile for the ring-opening of the epoxide. In line
with the postulated mechanism by Sakakura for polyoxometalates, subsequent ring-closing
would lead to the formation of the cyclic carbonate. [91] At the same time, the activation of the
epoxide through hydrogen bonding with the ammonium component should have a beneficial
synergistic effect.
O
R1 R2
CO2
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Scheme 4.9: General reaction scheme of CO2 insertion into the epoxide 78 to form the cyclic car-
bonate 79.
The CO2 insertion into styrene oxide was investigated first as a model reaction to benchmark
whether the switchable solvent system promotes the CO2 insertion in epoxides (section 3.1).
Based on this first investigation, the switchable solvent systems was evaluated in the CO2
addition to epoxy derivatives from oleo chemicals, using methyl oleate as model substrate
(section 3.2). Oleo chemicals are derived from renewable biogenic feedstock such as fats and
oils. The conversion of epoxy derivatives of this group of chemicals into valuable products
and new key intermediates opens up a new direction of using biogenic feedstock and CO2 as
only carbon source.
An interesting facet of the reaction with internal epoxides is the stereochemistry. Both the
cis and trans-cyclic carbonate are possible products from the cis-epoxide. Up to date only
retention of the configuration (cis-epoxide → cis-cyclic carbonate) according to Scheme 4.5
has been reported. However, the mechanism of switchable catalyst could differ and therefore
the obtained results were rationalised in view of mechanistic considerations.
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3. Results and discussion
3.1. Styrene carbonate from CO2 and styrene oxide
3.1.1. Preliminary experiments
CO2
O
cat.
OO
O
76 77
Scheme 4.10: The catalytic insertion of CO2 to styrene oxide 76, to form styrene carbonate 77.
The reaction was performed at first with the switchable solvent system DBU/1-hexanol
(11/12) using relative mild conditions (2.0 MPa CO2, 120
○C, 18.5 h, neat epoxide 76).
The free base 11 and alcohol 12 were transferred to an autoclave and stirred under CO2-
atmosphere for 10 minutes to form the ionic liquid 32. Under CO2-atmosphere, the substrate
76 was added, the autoclave pressurised with CO2 to the desired pressure and heated to the
corresponding temperature.
The presence of 1 mol% of 11 led to 44% conversion of 76, mainly resulting in unidentified
polymerisation products. The desired 77 was only obtained in a very low selectivity (3%).
The presence of 1 mol% of 12 resulted in 37% conversion of 76, however, no desired product
was obtained at all. A combination of 11 and 12 resulted in a conversion of 48% but again
the major part consisted of polymerisation products. The selectivity towards 77 was only
3%. These results showed that the presence of the strong organic base 11 or the alcohol 12
mainly results in the polymerisation of the epoxide with CO2. Different parameters were
varied to explore the possibility of suppressing the polymerisation reaction and promoting
the formation of the cyclic carbonate.
3.1.2. Temperature influence
Although numerous reports claim low reaction temperatures with high catalytic activities for
alkyl epoxides, e.g. propylene oxide, the reaction with styrene oxide is mostly performed at
high temperatures and increased pressures. [8] Keeping in mind that the equilibrium of the
used switchable solvent systems is highly sensitive to temperature (see section II.3.1), the
reaction was performed at different temperatures to study the influence on the selectivity of
the reaction. The results (shown in Figure 4.1) show an increase of conversion with increasing
temperature.∗ However, a steep increase for the selectivity towards 77 was not observed. The
main product remained unidentified polymerisation products. Recently, it has been reported
by Darensbourg and Lu that the presence of 11 can cause polymers of 76 and CO2 to
∗The experimental setup did not allow for a further increase of reaction temperature, as the safety limits of
the autoclaves are 120 ○C and 40.0 MPa of total pressure.
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depolymerize through back-biting, producing cyclic carbonate 77. [92] Here, such behavior
was not observed.
Figure 4.1.: Influence of temperature on the conversion (◾) and selectivity (▵) of styrene oxide (76)
to styrene carbonate (77). Reaction conditions: 1 mol% 11/12, p = 2.0 MPa CO2, t = 18.5 h, neat
epoxide 76.
3.1.3. Ratio of DBU to 1-hexanol
The original idea was that the ionic liquid plays a role in the CO2 insertion into the epoxide,
thus increasing one of the components of the switchable solvent system would force the
equilibrium (shown in Scheme 4.8) more towards the ionic liquid. It has been reported by
Zhang et al. that the presence of OH groups during the catalysis is crucial for a smooth
reaction. [53] They found that the hydroxyl groups take over the role of the Lewis acids by
alternatively, activating the epoxide through hydrogen-bonding, thus polarizing the C–O
bonds and facilitating an easier ring-opening of the epoxide. For this reason, a ratio with an
increased fraction of 12 was tested at 120 and 140 ○C (Table 4.1). An excess of 12 has a
beneficial effect on the selectivity towards 77, resulting in higher selectivity. The influence
on the conversion is marginal.
Table 4.1.: Influence of ratio DBU (11) to 1-hexanol (12) on CO2-insertion.
a
Entry Ratio 11:12 T / ○C Cvb / % Selb / %
1 1 : 1 120 48 3
2 1 : 4 120 45 19
3 1 : 1 140 55 9
4 1 : 4 140 46 36
[a] Reaction conditions: 1 mol% 11, p = 2.0 MPa
CO2, t = 18.5 h, neat epoxide 76. [b] Conversion and
selectivity determined via GC and 1H-NMR.
3.1.4. Pressure influence
It is known that the equilibrium of the switchable solvent system is influenced by the pressure
of CO2 present in the reaction mixture. To explore the influence of the pressure on the CO2-
insertion, different CO2-pressures were applied. Figure 4.2 shows the effect of CO2 pressure on
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the reaction with 11/12 as switchable solvent system. It can easily be seen that increasing
the pressure to 12.0 MPa CO2 results in increasing conversions, however, the maximum
selectivity of 57% is obtained at 5.0 MPa CO2.
A further increase in pressure led to a decrease of conversion and selectivity. Such trend
can be explained by the transition into the supercritical regime and corresponding partition
coefficients and has been reported previously. [50,93] The epoxide becomes increasingly soluble
in the compressed and supercritical CO2, whereas the catalyst remains insoluble; causing a
low concentration of epoxide in the vicinity of catalyst.
Figure 4.2.: Influence of CO2-pressure on the conversion (◾) and selectivity (▵) of styrene oxide (76)
to styrene carbonate (77). Reaction conditions: 1 mol% 11, 1 mL 12, T = 140 ○C, t = 18.5 h, neat
epoxide 76.
3.1.5. Variation of the switchable solvent system
3.1.5.1. Variation of the alcohol
Multiple combinations of organic base and alcohol are known to form switchable solvent sys-
tems (see also section I.5.1). [86,87] In the investigated CO2 insertion into epoxides, the alcohol
component should play an important role in the activation of the CO2. Therefore several
alcohols were combined with the organic base 11 in a 1 : 1 mixture and a fraction of the
mixture was analysed by 1H- and 13C-NMR spectroscopy in CDCl3. Then, CO2 was purged
through the rest of the mixture for 30 minutes. The obtained solution was diluted with
CDCl3 and again analysed by NMR spectroscopy.
∗
1-Phenylethanol with 11:
The mixture of 1-phenylethanol and 11 is a clear, non-viscous liquid (Figure 4.3, bottom
trace (blue)). Upon purging CO2 through the liquid with a capillary, a clear viscosity in-
crease could be observed. Simultaneously, the liquid heated up, indicating an exothermic
reaction taking place. After the obtained mixture had cooled down, it was again analysed by
NMR spectroscopy (top trace (red)).
∗See appendix for enlarged NMR spectra.
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(a) 1H-NMR spectra (b) 13C-NMR spectra
Figure 4.3.: Synthesis of the switchable solvent 11 and 1-phenylethanol (bottom trace (blue): 11 +
1-phenylethanol, upper trace (red): 11 + 1-phenylethanol + CO2; ◾ belongs to free 1-phenylethanol).
Comparing the blue and red 1H-NMR spectra shows that upon addition of CO2 a new species
has been formed. The most apparent change is new quartet signal at 5.43 ppm (red spec-
tra), which belongs to the O–CH2 group of the newly formed carbonate. The signal of the
O–CH2 protons of 1-phenylethanol shifts down field from 4.71 (indicated with ◾) to 5.43 upon
formation of the carbonate. The doublet signals of the methyl protons are also influenced
by the formation of the carbonate, shifting low field from 1.27 to 1.30 ppm. The signals
of 11 experience a low field shift of ca. 0.30 ppm. These changes indicate the formation
of a phenylethylcarbonate, but it becomes instantly clear from the red spectrum that free
alcohol is still present. The equilibrium has not been shifted completely towards the ionic
liquid under these conditions (1 bar CO2 at room temperature). From the spectra it can be
calculated that up to 67% of the alcohol has reacted with CO2 to form the carbonate. The
conversion in the neat mixtures would probably be higher, but NMR measurements of neat
mixtures were not possible due to the viscosity-induced broadening of the peaks. Higher CO2
pressures are probably necessary to further force the equilibrium towards the ionic liquid.
Similar behaviour has been observed for the mixture of DBU (11)/1-hexanol (12), where it
was calculated that up to 80% of the alcohol had reacted with the CO2 to form the hexyl-
carbonate 32 at 1 bar CO2.
[94]
Taking a look at the 13C-NMR spectra we notice the protonation of the amidine group of
11 by the downfield shift of the N=C–N carbon from 161.8 to 164.5 ppm (indicated with
7), the downfield shift of the some CH2 groups (2 and 9) and the upfield shift of other CH2
groups (6 and 11). The new signals at 157.8, 71.7 and 23.4 ppm can be assigned to the newly
formed carbonate (12), the O–CH2 (13) and the methyl group (14). In agreement with the
1H-NMR spectrum, the presence of free 1-phenylethanol can be observed (indicated with ◾).
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tert-Butanol with 11:
The mixture of tert-butanol and 11 is a clear, non-viscous liquid. Upon purging CO2 through
the liquid with a capillary, no viscosity increase or heat formation could be observed. Analyz-
ing the mixture before and after addition of CO2 by NMR spectroscopy showed no difference
between the spectra. No newly formed species could be observed indicating that this tertiary
alcohol is not acidic enough, compared to the secondary alcohol 1-phenylethanol, to be de-
protonated by the organic base and react with CO2 to from the corresponding carbonate.
Phenol with 11:
Similar to the investigation with tert-butanol, the mixture of phenol and 11 is a clear, non-
viscous liquid. Upon purging CO2 through the liquid with a capillary, no viscosity increase or
heat formation could be observed. Analyzing the mixture before and after addition of CO2 by
NMR spectroscopy showed no difference between the spectra. Although the acidity of phenol
(pKa = 9.9) is higher than aliphatic alcohols, the reaction with CO2 does not take place, which
suggests that it is of importance to have a saturated carbon (sp3) next to the alcohol function.
Binol with 11:
Since Shi et al. reported about the use of binol in combination with DMAP for the reaction of
CO2 with epoxide 76 with high yields (94%),
[81] the combination of binol with 11 was also ex-
plored. To investigate, whether the binol forms a carbonate with 11 under CO2-atmosphere,
the mixture was analysed in high-pressure NMR. A mixture of binol and 11 in CDCl3 was
analysed by NMR, then the tube was pressurised with 2.5 MPa CO2 and analysed again. In
the spectrum no presence of any carbonate could be observed, suggesting that no reaction
had taken place.
Applying the new combinations as catalyst:
The combination of 11 and methanol is known to form a solid carbonate under CO2 atmo-
sphere at room temperature. The solid does not decompose back to 11 and methanol under
Table 4.2.: Influence of the alcohol component of the switchable solvent system on the CO2-insertion.
a
Entry Alcohol Ratio 11:OH pCO2 / MPa Cv
b / % Selb / %
1 MeOH 1 : 1 2.0 33 6
2 MeOH 1 : 4 5.0 34 42
3 1-PhEtOH 1 : 1 2.0 21 25
4 1-PhEtOH 1 : 4 2.0 36 72
5 tert-BuOH 1 : 1 2.0 37 4
6 PhOH 1 : 1 2.0 43 4
7 Binol 1 : 1 2.0 59 69
8 Binol 1 : 2 5.0 59 50
9 Binol 1 : 4 5.0 55 63
[a] Reaction conditions: 1 mol% 11, T = 140 ○C, t = 18.5 h, neat
epoxide 76. [b] Conversion and selectivity determined via GC.
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heating or removal of CO2 from the mixture. Nevertheless, applying this solid as catalyst
gave similar results to the reversible 11/12 system: low conversion and selectivity towards
77 (Table 4.2, entry 1). Increasing the ratio of methanol and increasing the CO2 pressure
resulted in a clear increase of selectivity but the conversion remained the same (entry 2).
Switching from a primary alcohol to the secondary alcohol 1-phenylethanol gave comparable
conversions, but with increased selectivities (entry 3). Again, increasing the ratio of the al-
cohol had a beneficial influence on the selectivity (entry 4). Primary alcohols are generally
stronger acids than secondary alcohols, thus the deprotonation by the organic base and for-
mation of the corresponding carbonate should be easier. Comparing the results of methanol
and 1-phenylethanol, the formation of the carbonate does not seem to be the crucial factor,
as better results are obtained with the secondary alcohol. Although NMR analysis showed
that a mixture of 11 and tert-butanol does not form a carbonate species under 1 bar of CO2,
it was applied as catalyst in the reaction and similar results to 11/methanol were obtained
(entry 1 vs. 5).
To complete the variation of the alcohol, the combinations 11/phenol and 11/binol were also
applied as catalyst in the reaction. The combination with phenol showed a slightly higher
conversion, compared to aliphatic alcohols, but the selectivity was in the same range (en-
try 6). The combination with binol showed significantly higher conversions and selectivities
(entry 7). A similar trend, but with higher conversions (ranging between 91–94%) has been
observed by Shi et al., when they applied the aromatic alcohols in combination with DMAP
in the reaction of propylene oxide with CO2.
[81] Increasing the ratio of binol and the CO2
pressure did not show a big improvement of the conversion or selectivity (entries 8–9). Over-
all, a clear increase of conversion and selectivity could be observed when aromatic alcohols
were applied in combination with 11. However, this large increase cannot be explained by a
preferred formation of carbonate species, since these could not be observed in high pressure
NMR measurements. These results suggest that both the pKa of the alcohol (aromatic <
aliphatic) and the structure of the organic base play an important role in the reaction. In
all reactions, a large fraction of the products were polymers. The best results were achieved
with the 1:1 11/binol mixture, a literature known system.
3.1.5.2. Variation of base and nucleophile
To investigate the influence of the protonated base on the reaction, the bis-(trifluoromethyl-
sulfonyl)imide ionic liquids based on 11 and 1,1,3,3-tetramethyl-2-butylguanidine (80, TMBG)
were synthesised [95] and applied as catalysts in neat epoxide 76. For the 11-based ionic liq-
uid similar results to pure 11 were obtained, with low conversion and selectivity (Table 4.3,
entry 1). Switching to the stronger organic base 80 resulted in complete conversion of the
epoxide 76, but no desired carbonate 77 was obtained (entry 2). These results indicate that
the presence of the strong base or protonated base leads to high quantities of polymerisation
products. Combining the alcohol 12 with 80 gave high conversions and increased selectivity
to 77 (entry 4), which could be increased further even with an excess of alcohol (entry 5).
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Table 4.3.: Influence of the base and nucleophile of the ionic liquids on the CO2-insertion.
a
Entry Base Nucleophile Ratio pCO2 / MPa Cv
b / % Selb / %
1 DBU HNTf2 1 : 1 5.0 23 11
2 TMBG HNTf2 1 : 1 2.0 >99 –
3 TMBG HexOH 1 : 1 2.0 89 42
4 TMBG HexOH 1 : 4 2.0 88 51
5 DBU OctNH2 1 : 4 5.0 56 48
6 OctNH2 OctNH2 1 : 1 5.0 50 54
[a] Reaction conditions: 1 mol% base, T = 140 ○C, t = 18.5 h, neat
epoxide 76. [b] Conversion and selectivity determined via GC.
Guanidines have been reported to be very active catalysts for this reaction, but the presence
of a halogen in the form of HBr was necessary for good results. [96] Cyclic guanidines such
as 1,5,7-triazabicyclo[4.4.0]-dec-5-ene (81, TBD) have also been reported, as homogeneous
and as silica-supported catalysts, to convert propylene oxide with 100% yield into the cyclic
carbonate. [48,49] It was proposed that the guanidine group plays an activating role for the
CO2 via the formation of a carbamate, which can attack and open the epoxidering.
Primary amines have also been reported as active catalysts [48,49] and the combination of 11
with octylamine is known as a switchable polarity solvent (see section II.5.1). [97] This com-
bination was applied and gave reasonable conversion and selectivity (entry 5). An excess of
octylamine was applied to force the equilibrium towards the ionic liquid. However, it was
observed by NMR analysis, that the octylamine reacted as base as well, leading to the for-
mation of octylammonium octylcarbamate. Therefore, pure octylammonium octylcarbamate
was applied in the reaction as catalyst, which gave the best results (entry 6).
The major problem in all reactions remained the formation of polymeric side-products nonethe-
less showing that the switchable solvent systems have potential as catalysts for the CO2
insertion in epoxides.
3.2. Cyclic carbonates from CO2 and oleo-chemicals
3.2.1. CO2-insertion using halide catalysts
The most common catalysts for the CO2 insertion into epoxides to form cyclic carbonates
include quarternary ammonium or phosphonium salts and other halides. [42–46] These simple
catalysts have also been applied in the synthesis of cyclic carbonates from epoxy derivates
of oleo chemicals and CO2.
[73,80,98–101] The first report on the catalytic synthesis of cyclic
carbonates from oleo chemicals was published by Wilkes et al. in 2004. [98] In their study,
CO2 was incorporated into epoxidised soybean oil using tetra-n-butylammonium bromide
(TBA-Br) as the standard catalyst. Under medium flow CO2, yields up to 94% were achieved
with 5 mol% TBA-Br at 110 ○C, after 70 hours of reaction.
The same catalyst was also used by Doll and Erhan for the synthesis of carbonated methyl
oleate (84, CMO) from epoxidised methyl oleate (83, EMO) (Scheme 4.11). [73,99] EMO is
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the epoxidised derivative of methyl oleate (82, OME), a model substrate of the class of fatty
acid esters that is common, easily accessible and industrially relevant. [74]
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Scheme 4.11: The catalytic synthesis of cis- and trans-methyl-8-(5-octyl-2-oxo-1,3-dioxolan-4-
yl)octanoate (84, CMO).
Doll and Erhan reported yields of up to 93 % for the insertion of CO2 in 83 with 5 mol%
of TBA-Br at 100 ○C and 10.3 MPa CO2 pressure after 15 hours.
[73] Recently, Leitner and
co-workers found that the combination of 2 mol% TBA-Br with 2 mol% of the silicotungstate
polyoxometalate [(n−C7H15)4N
+]5 [CrSiW11O39]
5− (THA-Cr-Si-POM) shows a synergistic
effect in the catalytic synthesis of 83 with CO2, achieving conversions of up to 95% and
selectivities up to 98% at 100 ○C and 12.5 MPa after 6 h. [100,102]
Based on these results, tetra-n-butylammonium with various halides (TBA-X) and ionic liq-
uids based on organic bases with various halides, previously reported for the cycloaddition of
CO2 to terminal epoxides,
[103] were tested on their catalytic activity and selectivity for the
cycloaddition of CO2 in 83 to give 84 in the presence of scCO2 (Table 4.4).
The TBA halides with bromide and chloride anions showed good results, with high activity
and selectivities towards 84 (entries 1–2). In comparison, the iodide salt showed a significantly
Table 4.4.: Synthesis of methyl 8-(5-octyl-2-oxo-1,3-dioxolan-4-yl)octanoate (84) with halide catalysts
in scCO2.
a
Entry Catalyst t Cvb Selb cis : trans dee
Cation / + Anion / – (h) (%) (%) 84c (%)
1 ((n-C4H9)4N) Cl 20 70 94 98 : 2 96
2 ((n-C4H9)4N) Br 20 97 >99 72 : 28 44
3 ((n-C4H9)4N) I 20 40 90 13 : 87 –74
4 (DBUH) Cl 20 18 97 95 : 5 90
5 (DBUH) Br 20 20 85 97 : 3 94
6 (TBDH) Br 20 5 90 92 : 8 84
7d (DBUH) Br 20 48 96 89 : 11 78
8d (TBDH) Br 20 36 95 90 : 10 80
9d (DBUH) Cl 96 49 80 77 : 23 54
10d (DBUH) Br 96 90 93 91 : 9 82
11d (TBDH) Br 96 86 90 92 : 8 84
[a] Reaction conditions: 5 mol% catalyst, T = 100 ○C, p = 13.0 MPa
CO2. [b] Conversion and selectivity determined via GC. Product identifi-
cation via 1H-, 13C-NMR and GC-MS. [c] Assigned by NMR and quanti-
fied by GC. [d] 0.5 mL MeOH as solvent. [e] diastereomeric excess (de =
(∣nD1 − nD2∣)/(nD1 + nD2) ⋅ 100% with D = diastereomer).
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lower activity (entry 3). The activities of the halide catalysts are in the order Br– > Cl– >
I–, but all exhibit selectivities over 90%. The activities and selectivities result from nucle-
ophilicity and nucleofugicity properties of the anion X−. As discussed in section 1.2, the
halide-catalysed CO2 insertion into an epoxide depends on the nucleophilic ability of X
− to
open the epoxide ring, followed by the nucleofugic ability to act as leaving group. In the-
ory, the order of nucleophilicity decreases in the order Cl– > Br– > I–, whereas the leaving
group character decreases in the opposite sense. Combining these trends with the observed
activities and selectivities suggests that a combination of both effects plays a role, where the
bromide shows the optimal balance, resulting in the best results (entry 2).
Testing the organic base based ionic liquids with bromide or chloride in pure substance showed
low activities towards 84 (entries 4–6). Although the difference between the bromide and
chloride for the 1,8-diazabicyclo[5.4.0]-undec-7-enium ([DBUH]+) is marginal (entry 4 vs. 5),
the influence of cation seems to play a significant role (entry 5 vs. 6). The mechanistic
role of the cation is to activate the epoxide and stabilise the negative charge of the alkoxide
intermediate formed in situ (Scheme 4.5), but protonated amidines and guanidines seem to
lack this ability under these conditions. Additionally, the effect of strong ion-pairing between
cation and X− could result in decreased activity. To disturb possible strong ion-pairing ef-
fects, methanol was added as solvent, resulting in reasonable activities and high selectivities
(entries 7–8).
Prolongation of the reaction time resulted in high conversions and constant high selectivities
towards 84 (entries 9–11). Again, the activity of Cl– was exceeded by Br–. Variation of the
cation (entry 10 vs. 11) seemed to have little influence on the activity or selectivity once the
tight ion-pairing had been disturbed by the addition of methanol as co-solvent. An additional
effect of the methanol could be the stabilisation of the negative charge of the alkoxide inter-
mediate through hydrogen bonding, which has been suggested for catalysts with hydroxyl
functions. [53,104]
3.2.2. Stereochemistry of CO2-insertion using different halides
∗
The general reaction of epoxides with CO2 to form cyclic carbonates has been introduced
in Scheme 4.9. For this reaction, several mechanisms are possible depending on the used
catalyst. For epoxides with R1 ≠ H, R2 = H and their corresponding cyclic carbonates, dis-
tinguishing between the different mechanisms can be difficult, whereas for epoxides with R1 ≠
R2 ≠ H the obtained products can give some insights. Regarding the relative steric configura-
tion of the R1 to R2 group, two diastereomers (cis (Z ) and trans (E ) isomers), are possible
for the latter epoxides and corresponding cyclic carbonates (Scheme 4.12). Depending on
the starting configuration of the epoxide and the catalyst used, varying stereoselectivities
can be obtained, thus the obtained stereoselectivity can give detailed information about the
catalytic mechanism.
The unsaturated substrates used to synthesize the epoxides were all cis configurated. The
∗This work was done in collaboration with Dr. Markus Ho¨lscher.
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Scheme 4.12: Stereochemistry of possible carbonates cis- and trans-84 via CO2-insertion into cis-83.
obtained epoxides were also cis, as the relative configuration is retained in the epoxidation
step. [105] However, depending on the catalyst used, different ratios between cis and trans
configurated cyclic carbonates 84 were obtained from cis-83 (see Table 4.4).
Comparing the stereoselectivities and diastereomeric excesses (de) obtained with the different
halide catalysts shows that the relative configuration of the product in all but one case is dom-
inated by the cis configuration, in a range of 44–96%. All catalysts with bromide or chloride
anions gave diastereomeric excesses in favour of cis-84 (entries 1–2 and 4–11). These results
agree with the proposed SN2 mechanism (Scheme 4.5). Here, the nucleophilic ring-opening
proceeds via a SN2 mechanism, which leads to an inversion of the relative configuration. The
subsequent ring-closing via another SN2 mechanism results in the carbonate formation under
elimination of the halide catalyst and formation of the cis-product. In conclusion, a double
Walden inversion of configuration can be observed with cis-84 as predominant product.
In contrast, the use of tetra-n-butylammonium iodide (TBA-I) leads predominantly to trans-
84, with an excess of 74% (entry 3), which is not in agreement with the proposed mech-
anism suggesting that an alternative mechanism takes place under these conditions. This
was unexpected, as TBA-I and other iodide salts have been used as (co)-catalysts for this
reaction, [45,75,106] including internal epoxides and no peculiarity in the stereo-outcome of the
reaction was reported. [101,107] With the system Bu3SnI-Bu4PI, the configuration of the epox-
ide was retained during the reaction with CO2.
[107]
To evaluate the influence of the halide on the stereoselectivity of the known catalytic mecha-
nism, DFT calculations were done. To compare the different catalytic systems, the energetic
span model developed by Kozuch and Shaik was used. [108–110] This model can be used to pre-
dict the efficiency of a catalyst in terms of its turnover frequency (TOF) using the calculated
relative energy values of the reactants, intermediates, transition states and products. [108]
The obtained energy profiles of the halide catalysed mechanism for the different halides (Cl–,
Br– and I–) at room temperature are shown in Scheme 4.13. A SN2 nucleophilic attack of
the halide results in the ring-opening of the epoxide under formation of an halo-alkoxide
intermediate (Cl-2, Br-2 and I-2), which can interact with CO2 present (Cl-3, Br-3 and
I-3). The order of increasing energies for the transition states is in accordance with the order
of decreasing nucleophilicity (Cl– > Br– > I–).
The strong nucleophilic alkoxide attacks the CO2 to form the carbonate anion, resulting in
an energy gain (Cl-4, Br-4 and I-4) with the biggest gain for the chloride (27.4 kcal mol−1).
The SN2 reaction, which forms the five-membered ring and eliminates the anion X
− (X-6),
proceeds via the transition state (Cl-5, Br-5 and I-5). Especially for the iodide catalysed
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mechanism, the energy of this transition state is very high, with 32.9 kcal mol−1.
The high value is in contradiction with the general leaving group character of the anions,
which in theory has the order I– > Br– > Cl– under reaction conditions. However, similar
relative energy values have been calculated for this transition state in the KI catalysed cy-
cloaddition of CO2 to propylene oxide.
[111]
The energetic span of the mechanism can be calculated to compare the different halides. The
energetic span takes into account that the catalyst does not have a single turnover but multi-
ple, thus a TOF. The energetic span is calculated according to eqn. 4.1 and depends on the
order of the TOF-determining transition state (TDTS) and the TOF-determining intermedi-
ate (TDI). These species are the transition state (TS) and the intermediate that maximise the
energetic span within the cyclic constraints and thus determine the kinetics of the cycle. [110]
δE =
⎧⎪⎪
⎨
⎪⎪⎩
TTDTS − ITDI if TDTS appears after TDI
TTDTS − ITDI + ΔGr if TDTS appears before TDI
(4.1)
According to the calculated values, the bromide and chloride catalysed mechanisms have a
similar activity (Table 4.5). This is in fair agreement with the activities observed experimen-
tally (Table 4.4, entries 1–3).
The energetic span for the iodide catalysed mechanism confirms that this mechanism is not
very favorable. Low activities will be observed as the ring-opening (I-1 → I-3) and ring-
closing (I-4 → I-6) exhibit similar activation barriers (27.1 vs. 24.4 kcal⋅mol−1). A reason for
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Table 4.5.: Energetic spans for the halide catalysed insertion of CO2 into epoxide.
Halide Energetic span
δE (kcal⋅mol−1)
Cl− 21.1
Br− 21.1
I− 32.9
the pronounced formation of the trans-product could be steric relaxation to the thermody-
namically more favored trans isomer (–10.4 vs. –6.3 kcal⋅mol−1, thermodynamical equilibrium
would be 99 : 1). Due to the large energy barrier, the intermediates I-3 and I-4 could also
be subjected to halo-exchange with I− present in the solution followed by a rotation around
the C–C-bond, leading to the trans configurated product (Scheme 4.14). Due to the leaving
abilities of I−, this halo-exchange would also be possible via a SN1 reaction.
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Scheme 4.14: Iod-exchange on intermediate leading to the trans configurated product.
Additionally, an alternative mechanism suggested by the group of Endo could exist, where
under high pressure, an equilibrium between CO2 and the anion exists, forming an anion
species [X–CO2]
− that could catalyse the CO2 addition to the epoxide (Scheme 4.15).
[42] Wu
and co-workers did DFT calculations on this suggested mechanism with LiBr as catalyst
and showed that the mechanism might take place, but that it is not the main pathway for
bromide. [112]
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Scheme 4.15: CO2 insertion mechanism with [X-CO2]
− as active species suggested by the group of
Endo. [42]
If this mechanism would apply for the iodide catalysed cycloaddition, it would explain the
trans-isomer as the main product. However, DFT calculations showed that the transition
state of the nucleophilic attack of [I–CO2]
− on the epoxide leading to the ring-opening had
a relative energy of 54.2 kcal⋅mol−1. This value indicates that even under high temperature
and pressure the reaction would be extremely slow and thus very unlikely.
Summarizing the results of the DFT calculations: the difference in activity can easily be
rationalised for the three halide catalysts. The big difference in stereoselectivity between
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bromide and chloride on the one hand and iodide on the other can be explained with the
large difference in energetic span. The reaction with the iodide is much slower, due to
the high energetic span, and therefore the halide exchange (which has presumably a lower
barrier) can compete with the reaction. The stereoselectivity towars cis (with bromide and
chloride) is kinetically controlled whereas the stereoselectivity towards trans (with iodide) is
thermodynamically controlled.
3.2.3. CO2-insertion with switchable solvent systems
In the cycloaddition of CO2 into styrene oxide 76 it could be shown that switchable solvent
systems have potential to catalyze this reaction (see section 3.1). In this section, these sys-
tems are evaluated as potential catalysts for the CO2-addition into 83. The high polarity
form, that is the ionic liquid form of the switchable solvent systems, was applied as the cata-
lyst (formed by pretreatment with CO2 in the autoclave prior to the reaction).
Applying the combination of DBU (11) and methanol in catalytic amounts (5 mol%) gave
very low conversions (8%) of the epoxide (83) but high selectivities (> 99%) towards the
cyclic carbonate 84 (Table 4.6, entry 1). Changing the alcohol to 1-hexanol (12) increased
the conversion little (11%), but the chemoselectivity (Sel) decreased significantly (entry 2)
due to a transesterification reaction between 12 and the epoxide forming the hexyl oleate
epoxide (85, EHO). Reaction of this newly formed epoxide with CO2 in presence of a catalyst
resulted in CO2 insertion giving the corresponding cyclic carbonates 86 (Scheme 4.16, CHO).
Using the switchable solvent systems as both catalysts and solvent could increase the con-
version (entries 3–4). Again, an excess of methanol was found to have a beneficial effect
on the conversion, similar to the observations made previously. In the case of 1-hexanol,
an increased formation of the cyclic carbonates 84 and 86 was observed (entry 4). Using
TMBG (80) as base instead of DBU (11) significantly decreased the activity (entry 5) but
the chemoselectivity increased, as no transesterification products were observed. Similar re-
Table 4.6.: Synthesis of methyl 8-(5-octyl-2-oxo-1,3-dioxolan-4-yl)octanoate (84) and hexyl 8-(5-octyl-
2-oxo-1,4-dioxolan-4-yl)octanoate (86) using switchable solvents in scCO2.
a
Entry Catalyst C : 83 Cvb Selb cis : trans (ded) cis : trans (ded)
Cation / + Anion / - (%) (%) 84c (%) 86c (%)
1 (DBUH) MeOCO2 0.05 8 >99 20 : 80 (–60) –
2 (DBUH) HexOCO2 0.05 11 69 46 : 54 (–8) –
3e (DBUH) MeOCO2 1 30 98 6 : 94 (–88) –
4 (DBUH) HexOCO2 1 36 84 8 : 92 (–88) 0 : 100 (–100)
5 (TMBGH) HexOCO2 1 22 91 9 : 91 (–82) –
6 (DBUH) HOCO2 1 23 90 24 : 76 (–52) –
[a] Reaction conditions: T = 100 ○C, p = 13.0 MPa CO2, t = 20 h, neat epoxide 83. [b]
Conversion and selectivity determined via GC. Product identification via 1H-, 13C-NMR
and GC-MS. [c] Assigned by NMR and quantified by GC. [d] diastereomeric excess (de =
(∣nD1 − nD2∣)/(nD1 + nD2) ⋅ 100% with D = diastereomer). [e] DBU : MeOH = 1:4.
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Scheme 4.16: Observed transesterification products with hexanol-based switchable solvents.
sults were obtained with the combination of 11 and water (entry 6). Despite the moderate
conversions, an interesting influence of the switchable solvent systems on the stereoselectivity
of the reaction could be observed. In all cases, the predominant diastereomer is trans config-
urated and diastereomeric excesses (de in brackets) of up to 88% were reached. These results
indicate that a different mechanism is operating.
To further improve the conversion, the reaction time and temperature were varied (Table 4.7).
Reaction times of 4 days improved the conversion slightly maintaining high selectivities and
de’s (entries 1–2). The positive effect of temperature on the reaction could clearly be seen
when the reactions were performed at 120 and 140 ○C (entries 3–6). The conversions were in-
creased to 95% and additionally high selectivities towards the cyclic carbonates were achieved
(entries 5–6). Remarkably, the stereoselectivity towards the trans-cyclic carbonates 84 and
86 were exactly the same (entries 2, 4 and 6, with de in brackets). Additionally, the influence
of the cation was investigated by applying the generally used tetra-n-butylammonium in com-
bination with methylcarbonate (entry 7). With this preformed catalyst high conversion and
selectivity could be achieved, but the stereoselectivity towards trans-84 decreased, resulting
in a smaller diastereomeric excess.
To broaden the substrate scope and suppress side reactions such as transesterification, epox-
idised oleyl alcohol (87, EOA) was used. This cis-epoxide was synthesised from oleyl al-
Table 4.7.: Influence of temperature on synthesis of methyl 8-(5-octyl-2-oxo-1,3-dioxolan-4-
yl)octanoate (84) and hexyl 8-(5-octyl-2-oxo-1,4-dioxolan-4-yl)octanoate (86) using switchable solvents
in scCO2.
a
Entry Catalyst T Cvb Selb cis : trans (ded) cis : trans (ded)
Cation / + Anion / - (○C) (%) (%) 84c (%) 86c (%)
1e (DBUH) MeOCO2 100 48 91 11 : 89 (–78) –
2 (DBUH) HexOCO2 100 72 83 10 : 90 (–80) 10 : 90 (–80)
3e (DBUH) MeOCO2 120 80 90 9 : 91 (–82) –
4 (DBUH) HexOCO2 120 87 99 14 : 86 (–72) 14 : 86 (–72)
5e (DBUH) MeOCO2 140 95 88 10 : 90 (–80) –
6 (DBUH) HexOCO2 140 95 99 13 : 87 (–74) 13 : 87 (–74)
7 ((n-C4H9)4N) MeOCO2 140 91 97 27 : 73 (–46) –
[a] Reaction conditions: C : 83 = 1:1, p = 13.0 MPa CO2, t = 96 h. [b] Conver-
sion and selectivity determined via GC. Product identification via 1H-, 13C-NMR and
GC-MS. [c] Assigned by NMR and quantified by GC. [d] diastereomeric excess (de =
(∣nD1 − nD2∣)/(nD1 + nD2) ⋅ 100% with D = diastereomer). [e] base : MeOH = 1:4.
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Scheme 4.17: The synthesis of cis- and trans-4-(8-hydroxyoctyl)-5-octyl-1,3-dioxolan-2-one (88).
cohol (91, OA) using chloroperbenzoic acid in a microwave synthesis. [100] Since the conver-
sion of cis-87 with CO2 can yield both cis- and trans-carbonated oleyl alcohols (88, COA)
(Scheme 4.17), a clear identification and exact quantitative determination of both products
was necessary. The cis- and trans-88 diastereomers have slightly different physical proper-
ties (e.g. different retention times in GC analysis). The mixture was isolated via column
chromatography and subsequently analysed by 1H-, 13C-NMR and GC(-MS).
The 1H spectrum showed multiplet signals with different chemical shifts and different cou-
pling constants (4.20 ppm and 4.60 ppm) for the ring-attached protons. Using the coupling
constants of the vicinal protons on the ring, the assignment could be done analogue to the
assignment of Langanke for the carbonates 84. [100] The signal at 4.20 ppm (3JHH = 5.4
Hz) was assigned to the trans-diastereomer and at 4.60 ppm (3JHH = 7.4 Hz) to the cis-
diastereomer of 88.∗
Applying the TBA halides as catalysts for the insertion of CO2 gave high conversions and se-
lectivities towards 88 (entries 1–3). Similar to 83, the trend in stereoselectivity was the same;
the chloride and bromide catalysts gave high stereoselectivities towards cis-88, whereas with
the iodide catalyst an increased fraction of trans-88 was obtained. However, compared to the
reaction with 83, the iodide catalyst showed an increased activity, which led to a decrease in
diastereomeric excess (–36% vs. –74% for 83).
Table 4.8.: Synthesis of 4-(8-hydroxyoctyl)-5-octyl-1,3-dioxolan-2-one (88) using halide catalysts and
switchable solvents in scCO2.
a
Entry Catalyst C : 87 Cvb Selb cis : trans ded
Cation / + Anion / – (%) (%) 88c (%)
1 ((n-C4H9)4N) Cl 0.05 85 98 95 : 5 90
2 ((n-C4H9)4N) Br 0.05 94 >99 66 : 34 32
3 ((n-C4H9)4N) I 0.05 88 97 32 : 68 –36
4e,f (DBUH) MeOCO2 1 87 94 9 : 91 –82
5e (DBUH) HexOCO2 1 70 96 9 : 91 –82
6 DBU – 1 45 96 15 : 85 –70
[a] Reaction conditions: T = 100 ○C, p = 13.0 MPa CO2, t = 20 h. [b] Conversion
and selectivity determined via GC. Product identification via 1H-, 13C-NMR
and GC-MS. [c] Assigned by NMR and quantified by GC analogue to methyl
oleate. [d] diastereomeric excess (de = (∣nD1 − nD2∣)/(nD1 + nD2) ⋅ 100% with D
= diastereomer). [e] T = 140 ○C, p = 13.0 MPa CO2, t = 96 h. [f] DBU : MeOH
= 1:4.
∗See appendix for comparison of the NMR spectra and gas chromatograms.
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Using the switchable solvents for the CO2-insertion under optimal conditions (140
○C,
13.0 MPa CO2, 96 h) gave high conversions and selectivities towards 88 (entries 4–5). In
both cases, a high stereoselectivity towards trans-88 was obtained, resulting in a high di-
astereomeric excess of 82%. The alcohol-function in the substrate could also be used in
combination with the base DBU (11) to form a switchable catalyst to catalyse the reaction
(entry 6).
In conclusion, the CO2-insertion in both epoxides shows that the halide catalysts, apart from
iodide, show high selectivities towards the cis-isomer 84 and 88, whereas the switchable
solvents show similar selectivities towards the trans-isomers. This selectivity is unique, as
trans-configurated cyclic carbonates are normally synthesised from (more expensive) trans-
epoxides. [107] For the selective synthesis of the oleo-based trans-cyclic carbonates a completely
different synthetic route is normally used, starting from a threo-diol, using phosgene to form
the cyclic carbonate function. [70]
3.2.4. Stereochemistry of CO2-insertion using switchable solvent systems
From the obtained results it becomes apparent that a different mechanism takes place when
the switchable solvents are used for the CO2-insertion. The groups of Shi and Sakai have
also proposed different mechanisms for their catalytic systems. [81,83]
The group of Shi suggested that the phenol and amine work together as a Lewis acid (phenol)
and Lewis base (amine) co-catalysed system (Scheme 4.18 a). The epoxy ring is activated
by the phenol through hydrogen bonding and the ring is opened by a nucleophilic attack of
the amine (DMAP). The alkoxide formed reacts with CO2 to form a carbonate anion, which
under the action of the phenol ring-closes to form the corresponding carbonate and reforms
the catalyst. [81]
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Scheme 4.18: Mechanistic consideration using (a) a phenol with amine system or (b) an ammonium
betaine framework.
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The group of Sakai proposed a different approach, where the phenolate anion reacts with
CO2 to from the CO2-adduct. This adduct acts as a nucleophile, attacking the epoxide ring,
leading to ring-opening. Intramolecular ring-closing results in the formation of 77 and cata-
lyst regeneration (Scheme 4.18 b). [83]
Comparing the two mechanisms shows that in both cases the CO2 is incorporated via an
attack of the alkoxide or aryloxide. In contrast, the ring-opening step is achieved by different
nucleophiles; in the first mechanism (a) the amine is considered to be the Lewis base, whereas
in the second mechanism (b) the phenolate anion is considered to be the nucleophile.
Applying both mechanisms to internal epoxides clearly illustrates which stereochemical conse-
quences these different mechanisms have. Using a cis-configurated olefine, the first mechanism
(a) predicts a cis-configurated carbonate, whereas a trans-configurated carbonate would be
obtained through the second mechanism (b).
In switchable solvent systems under CO2 atmosphere, the carboxylate and protonated amine
functions are mainly present. However under elevated temperatures the equilibrium shifts
increasingly to the alcohol and amine (see section II.3.1) causing the presence of all four
functions in one mixture. Keeping the previous mechanisms in mind, all species could play a
role in the catalysis.
A possible mechanism to explain the high stereoselectivity towards the trans-products is il-
lustrated in Scheme 4.19. The mechanism is closely related to mechanism (b) and similar to
the one proposed by Berkessel et al. for the enantioselective synthesis of propylene carbonate
using a cobalt complex in combination with TBA methyl carbonate. [113]
It is postlated that the alkylcarbonate of the switchable catalyst performs a nucleophilic at-
tack on the epoxide resulting in the ring-opening of the epoxide. A rotation around the C–C
bond enables the formed alkoxide to attack the carbonate under ring closure and elimination
of the alcoholate. The cyclic carbonate is formed and the alcoholate reacts readily with CO2
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Scheme 4.19: Proposed reaction mechanism for the formation of cyclic carbonates involving CO2
activated via switchable solvent systems.
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present to regenerate the catalyst. The protonated base (in Scheme 4.19 denoted as DBUH+)
functions as stabilizing cation for the formed alkoxide and carbonate.
To obtain a deeper insight on the influence of the catalyst on the stereoselectivity and to
verify the proposed mechanism, the trans-isomer of 83 was synthesised from trans-82 and
used as substrate in the CO2-insertion reaction (see Table 4.9). If the TBA halides catalyse
the reaction according to the double SN2 mechanism (see Scheme 4.5), trans-84 should be
obtained as the main product. In contrast, the switchable solvents should give cis-84 in
excess.
Table 4.9.: Reaction with trans-methyl 8-(3-octyloxiran-2-yl)octanoate (83) using halide catalysts and
switchable solvents in scCO2.
a
Entry Catalyst C : 83 Cvb Selb cis : trans ded
Cation / + Anion / – (%) (%) 84c (86c) (%)
1 ((n-C4H9)4N) Cl 0.05 54 99 1 : 99- –98
2 ((n-C4H9)4N) Br 0.05 75 98 8 : 92 –86
3 ((n-C4H9)4N) I 0.05 13 99 13 : 87 –74
4e,f (DBUH) MeOCO2 1 92 88 14 : 86 –72
5e (DBUH) HexOCO2 1 75 90 17 : 83 (11 : 89) –66 (–78)
[a] Reaction conditions: T = 100 ○C, p = 13.0 MPa CO2, t = 20 h. [b] Conver-
sion and selectivity determined via GC. Product identification via 1H-, 13C-NMR and
GC-MS. [c] Assigned by NMR and quantified by GC. [d] diastereomeric excess (de =
(∣nD1 − nD2∣)/(nD1 + nD2) ⋅ 100% with D = diastereomer). [e] T = 140
○C, p = 13.0 MPa
CO2, t = 96 h.[f] DBU : MeOH = 1:4.
The different catalysts were applied in the reaction and the three TBA halides showed sig-
nificantly lower activities, compared to cis-83, but their selectivity remained high (entries
1–3). The stereoselectivity towards trans-84 was very high with diastereomeric excesses up
to 98% for chloride. In contrast, the results obtained with the switchable solvents did not
meet the expected outcome (entries 4–5). In both cases, high conversions and selectivities
were observed, but with stereoselectivity towards trans-84 instead of cis-84. These results
clearly show that the postulated mechanism cannot explain the obtained results completely.
Similar to the suggested halo-exchange with iodide, an excange with the formed carbonate
could take place as shown in Scheme 4.20. However, since the kinetics of the reaction are
very slow (reaction times > 96 h), it seems that thermodynamics (energetically trans-84 is
more favorable) play a bigger role and therefore the trans-diastereomer is obtained as the
main product.
O
R1 H
H R2
O
DBUH
O
OR
ORO
O
- ROCO2-
O
R1 H
H R2
DBUH
O
ORO
- [DBUH][ROCO2]
+ CO2
R1
H
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O
H
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Scheme 4.20: Carbonate-exchange on the intermediate leading to the trans configurated product.
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4. Summary and outlook
In summary, the catalytic conversion of styrene oxide (76) into the cyclic carbonate 77 using
CO2 as C1 building block was studied using the switchable solvent systems as catalysts. The
combination 11/12 was explored under reaction conditions generally applied in literature
and gave high conversions, but very low selectivities towards 77. To suppress the formation
of polymeric side-products, parameters such as temperature, pressure and the ratio between
11 and 12 were varied. The highest selectivity of 57% (and 65% conversion) was obtained
with 1 mol% of 11 combined with a large excess of 12 (1 mL) at 140 ○C and 50 bar CO2.
To further optimize the reaction, the switchable solvent system was varied. For this purpose,
a variety of combinations of 11 with different alcohols were explored. These combinations
were applied in the reaction with the epoxide 76. The best results (concerning the selectivity
towards 77) were obtained with pure octylammonium octylcarbamate (50% conversion and
54% selectivity). The major problem in all reactions remained the formation of polymeric
side-products, because of the high reactivity of the styrene oxide. Nonetheless, it could be
shown that the switchable solvent systems are potential catalysts for the CO2 insertion in
epoxides.
Then, the internal epoxide 83 derived from fatty acid esters was applied as substrate for the
reaction. To promote this reaction, two types of catalysts, halide based and switchable sol-
vent systems, were studied. Under supercritical conditions (13.0 MPa CO2 and 100
○C) the
TBA-halides showed different activities and selectivities. The bromide was the most active
and selective towards the cyclic carbonate 84, but the chloride showed the highest stereose-
lectivity towards the cis-84. The iodide showed decreased activity, but an interesting change
of stereoselectivity towards the trans-configurated cyclic carbonate. The reactions with the
ionic liquids based on organic bases experienced tight ion-pairing of the catalyst, resulting
in low activity. However, this problem was overcome with the addition of methanol to the
reaction mixture. Good conversions (90%) and high selectivities of 93% towards cis-84 were
obtained with [DBUH]+Br− under prolonged reaction time.
To explain the change of stereoselectivity with the iodide salt, DFT calculations were per-
formed. The energetic span for the mechanism with the different TBA-halides was calculated
from relative energy values of the reactants, intermediates, transition states and products.
The values for bromide and chloride are in the same range, whereas the value for iodide
is significantly higher (21.1 vs 32.9 kcal⋅mol−1). With these values in hand, the difference
in activity and stereochemistry between the three halide catalysts could be explained. The
products formed with bromide and chloride seem to be kinetically controlled, whereas the
outcome with the iodide is clearly thermodynamically controlled. Since the trans-product
is thermodynamically more stable, a higher quantity of this diastereomer is observed in the
iodide catalysed reaction.
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A second type of catalyst, the switchable solvent systems, was evaluated in the reaction of
CO2 with 83. It was found that the systems based on 11 in combination with methanol or
1-hexanol were selective towards the formation of the corresponding trans-cyclic carbonates.
Under optimised reaction conditions (140 ○C, 13.0 MPa CO2, 96 h), conversions of 95%,
selectivities up to 99% and diastereomeric excesses ranging from 74 to 82% were achieved.
Despite the moderate activity (long reaction times), high stereoselectivities towards the trans-
configurated diastereomer were obtained, indicating a different mechanism than that of the
halide-based catalysts is taking place.
To explain the high stereoselectivity, a mechanism for the CO2 insertion using switchable
solvents was proposed. This mechanism involves the carbonate of the ionic liquid as active
nucleophile for the ring-opening of the epoxide and subsequent ring-closing under formation
of the cyclic carbonate and elimination of the alcoholate, which can further react with CO2
to regenerate the carbonate of the ionic liquid.
To verify the proposed mechanism, the trans-isomer of 83 was synthesised and used as sub-
strate in the CO2-insertion reaction with the switchable solvent systems. According to the
mechanism, the cis-configurated 84 would have to be the main product. However, the re-
action showed high selectivities towards trans-84, indicating that the postulated mechanism
cannot completely explain the results obtained. Thermodynamics (energetically trans-84 is
more favourable) seem to play a bigger role than expected, giving the opportunity for ex-
change reactions, and therefore the main observed product is the trans-84.
In conclusion, switchable solvent systems can be used to promote the insertion of CO2 into
internal epoxides with high selectivities towards the trans-configurated cyclic carbonate. Such
high selectivities towards one diastereomer could be of advantage in biomedical applications.
To use these switchable solvent systems as selective catalysts, a detailed understanding of the
individual interactions between catalyst and substrates is necessary. Thus, the clarification
of the exact mechanism makes further research in this area necessary.
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5. Experimental
5.1. General
5.1.1. Working in inert atmosphere
All manipulations involving moisture- and oxygen-sensitive compounds were carried out under
inert atmosphere using standard Schlenk techniques, or a standard argon-filled glove box
(MBraun LabMaster SP). Argon 4.8 (Messer, Germany) was used as inert gas, which was
further purified by MB 100-HP of M. Braun Inertgas-Systeme GmbH. Carbon dioxide
4.5 (99.995%, Westfalen Gas, Mu¨nster) and hydrogen 5.5 (UltraPure, Air Products,
Bochum) were used as reaction- and inert gas. All gases were supplied with an in-house
gas supply system from Dra¨ger AG. Glassware was cleaned with acetone, consecutive
immersion in isopropanol/KOH and diluted aqueous HCl, and rinsing with deionised water.
Prior to use, all glassware was dried at 400 ○C with a heatgun under vacuum (1 x 10−3 mbar),
evacuated 3 times and flushed with argon. Metal parts of the high pressure equipment were
cleaned by sonication in dichloromethane, brushing in acetone and drying with compressed
air.
5.1.2. Purification and drying of solvents
Toluene, n-pentane and dichloromethane were degassed with argon and dried passing through
columns filled with aluminium oxide (heated for 5h at 375 ○C) prior to usage, then stored
over activated molecular sieves 4A˚. Tetrahydrofurane and diethyl ether were dried over KOH,
distilled under reduced pressure, stored over activated molecular sieves 4A˚ and degassed prior
to use by bubbling argon through the solvent with a frit for 3h. Ethanol and acetone were
distilled under reduced pressure, stored over activated molecular sieves 3A˚ and degassed prior
to use. The residual water content was determined with a Karl-Fischer -Titration using a
Metrohm 756 KF Coulometer with a Hydranal AG-solution. The maximal water quantity
was < 50 ppm. Deuterated solvents CDCl3, CD2Cl2, d6-DMSO and d4-methanol were stored
over activated molecular sieves and degassed via three freeze-pump-thaw cycles as was D2O.
Deionised water was taken from a reverse-osmotic purification system (Werner EasyPure
II) and degassed prior to use.
5.1.3. Chemicals
All chemicals were purchased from commercial sources and used as received, unless otherwise
indicated. Styrene oxide (76, 96%, Sigma Aldrich) was distilled under argon atmosphere
and stored at –18○C. 1,8-Diazabicyclo[5.4.0]undec-7-ene (11, DBU, >99%, Sigma Aldrich)
was pre-dried with CaH2, then distilled and stored over molecular sieves 4A˚. 1-Hexanol (12)
was distilled and stored over molecular sieves 4A˚.
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5.2. Analysis
5.2.1. NMR spectroscopy
The NMR spectra were recorded with a Bruker AV-600 (1H: 600 MHz, 13C: 151 MHz, 31P:
243 MHz) or a Bruker AV-400 (1H: 400 MHz, 13C: 101 MHz, 31P: 162 MHz) spectrometer,
at room temperature. The calibration of the 1H-NMR spectrum was based on the residual
solvent signal (δ(CHCl3) = 7.26 ppm and
13C-NMR δ(CDCl3) = 77.16 ppm, respectively).
Chemical shifts δ are given in ppm and coupling constants J in Hz. The following abbrevi-
ations are used to describe the first order spin multiplicities: singlet (s), doublet (d), triplet
(t), quadruplet (q), and quintet (qui). Couplings of higher order or overlapped signals are
denoted as multiplet (m), broadened signals as (br). Assignments are done based on attached
proton tests (ATP) and 2D-correlation spectroscopy (HSQC and HMBC).
High pressure measurements (HP-NMR) were done in a 5 mm sapphire tube (id = 3.4 mm,
V = 0.87 mL) glued into a titanium head connected to an electronic pressure reader. The
pressurised tube was equipped with a wide-bore spinner and on a string manually lowered
into the magnet. The sample was measured unlocked, shimmed manually and data acquisi-
tion taken without spinning, with minimal delay. Spectra were automatically baseline- and
phase- corrected and peaks integrated manually.
5.2.2. Gas Chromatography (GC)
GC analysis of catalytic reactions with styrene oxide (76) was performed on a OnColumn
HP 5890 Series II from Hewlett Packard using a FS-Supreme-5-MS capillary column
(l = 30 m, id = 0.25 mm, tf = 0.25 μm) with 3 m guard column, the temperature program
(50–280 ○C, holding 5 min at 50 ○C, heating 10 ○C/min) with a system pressure of 1.0 bar
N2, a flame ionisation detector at 250
○C and a detection range of 10. Retention times (tr)
and correction factors (Cf ) are listed in Table 4.10.
Table 4.10.: GC retention times and correction factors of relevant compounds.
compound tr / min Cf
styrene oxide (76) 10.51 1.24
tetradecane 15.36 1.00
styrene carbonate (77) 17.64 2.06
GC analysis of catalytic reactions with oleo-chemicals was performed on a Focus from
Thermo using a RTX-5-Sil-MS capillary column (l = 30 m, id = 0.28 mm, tf = 0.25 μm),
the temperature program (150–300 ○C, heating 6 ○C/min and 35 min at 300 ○C) with 1.5 mLN
min−1 He flow, a flame ionisation detector at 250 ○C and a detection range of 10. Retention
times (tr) and correction factors (Cf ) are listed in Table 4.11.
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Table 4.11.: GC retention times and correction factors of relevant compounds.
compound tr / min Cf
methyl heptadecanoate C17 9.73 1.00
methyl oleate (82) OME 10.80 0.99
oleyl alcohol (91) OA 11.10 0.99
epoxidised methyl oleate (83) EMO 12.36 1.15
trans-epoxidised oleyl alcohol (87) EOAtrans 13.29 1.11
cis-epoxidised oleyl alcohol (87) EOAcis 13.59 1.11
trans-carbonated methyl oleate (84) CMOtrans 18.77 1.26
epoxidised hexyl oleate (85) EHO 19.03 1.04
trans-carbonated oleyl alcohol (88) COAtrans 19.08 1.20
cis-carbonated methyl oleate (84) CMOcis 19.20 1.26
cis-carbonated oleyl alcohol (88) COAcis 19.54 1.20
trans-carbonated hexyl oleate (86) CHOtrans 23.87 1.15
cis-carbonated hexyl oleate (86) CHOcis 24.17 1.15
5.2.3. Fourier-Transform-Infrared spectroscopy (FT-IR)
IR-spectroscopy was measured on a commercial Bruker Alpha FT-IR spectrometer inside
an argon-filled glovebox. Transmission spectra were measured with a standard T-module
and ATR spectra with a platinum/diamond P-module. Signal intensity optimisation was
performed by manual optimisation of mirror positioning for an evenly filled sample cup.
Background spectra were measured with 500 scans on an empty P-module or a reference sam-
ple (Bruker) before each analysis and sample spectra were collected with 2 cm−1 resolution
as sum of 100 scans from 500 to 4500 cm−1. The spectra were not smoothened but baseline
corrected over the entire range.
5.2.4. Mass spectrometry (MS)
The spectra were recorded with Finnigan MAT 8200 using the method EI or a Varian CP-
8000 gas chromatograph with 1200L Quadrupol MS/MS (GC–MS). The intensity is reported
in % in relation to the base peak. Unless otherwise noted, all peaks ≥ 5 % are reported.
5.2.5. Computational Details
All calculations in this work were carried out with the Gaussian09 program (Revision A02). [114]
All structures were optimised using the M06-2X [115–118] functional and the def2 TZVP [119–123]
basis set. The automatic density fitting approximation was activated. [124,125] The geometries
obtained were input to frequency calculations to prove the existence of local minima and
transition states (i = 0 and 1, respectively).
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5.3. Working with compressed gases
5.3.1. Safety warning
Operators of high pressure equipment such as the one required for these experiments should
take proper precautions, including but not limited to the use of blast shields and pressure
relief mechanisms, to minimize the risk of personal injury.
5.3.2. Apparatus specification
The autoclaves used were constructed out of stainless steel (steel grade 1.4571, V4A) by the
mechanical workshop at the Institut fu¨r Technische und Makromolekulare Chemie (ITMC).
All accessories, such as fittings, tubings, valves and pressure gauges were purchased from
commercial sources. The norm-fittings of the firms Hoke and HyLok were used and are
compatible with each other.
Window autoclave
Figure 4.4.: Engineering drawing of the 12 mL-window autoclave; 1) reaction chamber, 2) pressure
gauge, 3) inlet, 4) needle valve and 5) conical high pressure windows.
The catalysis reactions with switchable solvent systems were preformed in a 12 mL-window
autoclave as shown in Figure 4.4. The autoclave is equipped with 2 sapphire windows op-
posing each other, an electronic pressure gauge and a needle valve. The latter enables the
evacuation and filling with gas of the autoclave. An additional inlet enables the transfer of
liquids under inert atmosphere into the autoclave. The autoclave is heated from the bottom
on a heating plate.
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5.4. Synthesis
5.4.1. Styrene carbonate (77)
1
2
3
4
5'
6'
7
6
5
C9H8O3 (164.2 g/mol)
O
O
O
Phenol (17.1 mg, 0.18 mmol), sodium iodide (27.1 mg, 0.18 mmol) and triphenylphosphine
(47.1 mg, 0.18 mmol) were added together with styrene oxide (76, 1.0 mL, 9.0 mmol) in an
autoclave. The autoclave was pressurised with 40 bar of CO2 for 5 min to allow the system
to equilibrate. Then, the vessel was heated to 120 ○C for 4 hours. The autoclave was cooled
down to room temperature and the pressure released and the reaction mixture was trans-
ferred to a flask. Unreacted substrate and solvent were removed under reduced pressure and
the residue was purified by column chromatography (silica, eluent: pentane : ethyl acetate
= 1 : 4) to give the product 77 as a colorless liquid.
Yield: 1.43 g, 8.7 mmol, 97%
1H-NMR (400 MHz, CDCl3): δ = 4.27 (t, J = 8.3 Hz, 1H, H: 2), 4.75 (t, J = 8.4 Hz,
1H, H: 2), 5.64 (t, J = 8.1 Hz, 1H, H: 3), 7.30–7.43 (m, 5H, H: 5–7) ppm.
13C-NMR (75 MHz, CDCl3): δ = 71.0 (C: 2), 77.9 (C: 3), 125.8 (C: 5), 128.9 (C: 6),
129.4 (C: 7), 135.7 (C: 4), 154.9 (C: 1) ppm.
Literature: according to Shi. [126]
5.4.2. 1,8-Diazabicyclo[5.4.0]undec-7-enium 1-phenylethylcarbonate
([DBUH]+PhEtOCO−2)
N
H
N
O
CH3
O
O1
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C18H26N2O3 (318.4 g/mol)
1,8-Diazabicyclo[5.4.0]undec-7-ene (11, 1030.8 mg, 6.8 mmol) and 1-phenylethanol (840.0 mg,
6.9 mmol) were added together and a sample was taken, diluted in CDCl3 and analysed via
NMR spectroscopy. The remaining mixture was stirred and purged with CO2 using a reser-
voir autoclave with 70 bar CO2 and a steel capillary. The purging of CO2 was done until the
reaction mixture had cooled down to room temperature. A sample of the viscous solution
was analysed by NMR spectroscopy, but due to the high viscosity only broad peaks were
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obtained. The sample was diluted with CDCl3 and analysed by NMR spectroscopy.
Conversion: 67% ionic liquid
1H-NMR (400 MHz, CDCl3): δ = 1.30 (d, J = 6.6 Hz, 3H, H: 14), 1.35–1.43 (m, 2H, H:
3), 1.43–1.54 (m, 4H, H: 5, 10), 1.67 (qui, J = 5.8 Hz, 2H, H: 4), 2.37–2.51 (m, 2H, H: 6),
3.01–3.18 (m, 6H, H: 2, 9, 11), 5.43 (q, J = 6.6 Hz, 1H, H: 13), 7.02 (t, J = 7.3 Hz, 1H, H:
18), 7.10 (t, J = 7.7 Hz, 2H, H: 17, 17’), 7.23 (t, J = 8.8 Hz, 2H, H: 16, 16’) ppm.
13C-NMR (400 MHz, CDCl3): δ = 20.0 (C: 4), 23.4 (C: 14), 24.3 (C: 5), 26.9 (C: 3), 28.8
(C: 10), 33.0 (C: 6), 39.3 (C: 11), 48.0 (C: 9), 53.3 (C: 2), 71.7 (C: 13), 125.6 (C: 16, 16’),
126.1 (C: 18), 127.6 (C: 17, 17’), 145.1 (C: 15), 157.8 (C: 12), 164.5 (C: 7) ppm.
5.4.3. 1,8-Diazabicyclo[5.4.0]undec-7-enium bis(trifluormethylsulfonyl)imide
([DBUH]+NTf−2)
N
H
N
1
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C11H17F6N3O4S2 (433.4 g/mol)
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S
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1,8-Diazabicyclo[5.4.0]undec-7-ene (11, 124.8 mg, 0.8 mmol) was added to an equimolar
amount of trifluoromethanesulfonimide (221.9 mg, 0.8 mmol) and the obtained mixture stirred
for 90 min at room temperature. The product was obtained as a colourless viscous liquid.
1H-NMR (400 MHz, CDCl3): δ = 1.60–1.81 (m, 6H, H: 3, 5, 10), 2.03 (qui, J = 6.2 Hz,
2H, H: 4), 2.63 (m, 2H, H: 6), 3.35 (t, J = 6.2 Hz, 2H, H: 9), 3.50 (t, J = 6.2 Hz, 2H, H: 2),
3.54 (m, 2H, H: 11), 7.10 (s, 1H, H: 8) ppm.
13C-NMR (101 MHz, CDCl3): δ = 19.3 (C: 4), 23.7 (C: 5), 26.5 (C: 3), 28.9 (C: 10), 33.3
(C: 6), 38.5 (C: 11), 48.8 (C: 9), 54.9 (C: 2), 119.9 (q, J = 322.2 Hz, C: CF3), 166.3 (C: 7)
ppm.
19F-NMR (377 MHz, CDCl3): δ = -79.0 ppm.
Literature: adapted from Shainyan. [95]
5.4.4. 2-n-Butyl-1,1,3,3-tetramethylguanidine (80, TMBG)
N1
2
3
C9H21N3 (171.3 g/mol)
NN
4
5
6
6
7
7
Tetramethylurea (29.0 mL, 241.7 mmol) was dissolved in toluene (100 mL), cooled down to
0 ○C and oxalyl chloride (22.5 mL, 265.8 mmol, 1.1 eq) was slowly added. After complete
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addition, the ice bath was removed and the reaction mixture warmed up to room temperature.
The yellow liquid was heated to 65 ○C overnight and during this period of time a white solid
precipitated.
The solvent was removed under reduced pressure, where a off-white solid was obtained. This
was dissolved in CH2Cl2 (70 mL) and slowly added to a solution of n-butylamine (26.3 mL,
265.8 mmol, 1.1 eq) and triethylamine (37.0 mL, 265.8 mmol, 1.1 eq) in CH2Cl2 (50 mL)
at 0 ○C. The reaction was then refluxed at 50 ○C overnight. The reaction mixture was con-
centrated to half its volume under reduced pressure and then a solution of NaOH (29.0 g,
725.1 mmol, 3.0 eq) in water (50 mL) was added and stirred vigorously for 45 min. The
two phases were separated and the aqueous phase extracted with CH2Cl2 (3 x 20 mL). The
combined organic phases were dried over Na2SO4, after removal of the solvent as well as
excess triethylamine, the residue was distilled under reduced pressure (0.5 mbar, 60 ○C) to
afford the product 80 as a colorless liquid.
Yield: 35.2 g, 205.4 mmol, 85%
1H-NMR (400 MHz, CDCl3): δ = 0.61 (t, J = 7.4 Hz, 3H, H: 1), 1.06 (m, 2H, H: 2),
1.22 (m, 2H, H: 3), 2.36 (s, 6H, H: 6), 2.45 (s, 6H, H: 7), 2.82 (t, J = 6.9 Hz, 2H, H: 4) ppm.
13C-NMR (101 MHz, CDCl3): δ = 13.6 (C: 1), 20.1 (C: 2), 34.6 (C: 3), 38.4 (C: 6), 39.2
(C: 7), 48.8 (C: 4), 159.4 (C: 5) ppm.
Literature: according to Shreeve and Zhang. [127,128]
5.4.5. 2-n-Butyl-1,1,3,3-tetramethylguanidinium bis(trifluormethylsulfonyl)-
imide ([TMBGH]+NTf−2)
1
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C11H22F6N4O4S2 (452.4 g/mol)
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1
2-n-Butyl-1,1,3,3-tetramethylguanidine (80, 117.1 mg, 0.7 mmol) was added to an equimo-
lar amount of trifluoromethanesulfonimide (193.2 mg, 0.7 mmol) and the obtained mixture
stirred for 90 min at room temperature. The product was obtained as a colourless viscous
liquid.
1H-NMR (400 MHz, CDCl3): δ = 0.91 (t, J = 7.3 Hz, 3H, H: 6), 1.33 (tq, J = 7.4 Hz,
2H, H: 5), 1.58 (tt, J = 7.5 Hz, 2H, H: 4), 2.95 (s, 12H, H: 1), 3.13 (dt, J = 6.9 Hz, 2H, H:
3), 5.93 (s, 1H, H: NH) ppm.
13C-NMR (101 MHz, CDCl3): δ = 13.6 (C: 6), 19.9 (C: 5), 31.9 (C: 4), 39.9 (br s, C: 1),
45.4 (C: 3), 119.9 (q, J = 321.3 Hz, C: CF3), 161.7 (C: 2) ppm.
19F-NMR (377 MHz, CDCl3): δ = -79.0 ppm.
Literature: adapted from Shainyan [95]
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5.4.6. (Z )-Methyl 8-(3-octyloxiran-2-yl)octanoate (83, EMO)
O
O O
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C19H36O3 (312.5 g/mol)
To (Z )-methyl octadec-9-enoate (82, 5.84 g, 19.69 mmol, 1.0 eq), a mixture of n-hexane (1.37
g) and acetic acid (0.47 g, 7.81 mmol, 0.40 eq) was added. The resulting mixture was heated
to 57 ○C and acidic aqueous hydrogen peroxide solution (conc. H2SO4, 0.07 g, 0.67 mmol,
0.03 eq; aq. H2O2, 30%, 3.83 g, 33.73 mmol, 1.7 eq) was added over 1h under stirring. After-
wards, the reaction was stirred for 18 h at 58 ○C. The organic phase was separated, diluted
with pentane (5 mL), washed with water (6 x 8 mL) until the aqueous phase had reached a
neutral pH. The solvent of the organic phase was removed under reduced pressure and the
crude product purified by column chromatography (silica, eluent: pentane : diethyl ether =
7 : 3) to obtain the product (Z )-methyl 8-(3-octyloxiran-2-yl)octanoate (83) as colourless oil.
Yield: 5.13 g, 16.42 mmol, 83%
1H-NMR (400 MHz, CDCl3): δ = 0.83 (t, J = 6.8 Hz, 3H, H: 1), 1.12–1.38 (m, 18H, H:
3–7, 12–15), 1.38–1.50 (m, 6H, H: 2, 8, 11), 1.51–1.64 (m, 2H, H: 16), 2.25 (t, J = 7.6 Hz,
2H, H: 17), 2.83 (br s, 2H, cis, H: 9, 10), 3.61 (s, 3H, H: 19) ppm.
13C-NMR (101 MHz, CDCl3): δ = 14.1 (C: 1), 22.7 (C: 2), 24.9 (C: 16), 26.6 (C: 7, 12),
27.8 (C: 8, 11), 29.0 (C: 15), 29.2 (C: 6, 13), 29.4 (C: 5), 29.6 (C: 4, 14), 31.9 (C: 3), 34.1 (C:
17), 51.4 (C: 19), 57.1 (cis, C: 9, 10), 174.2 (C: 18) ppm.
Literature: adapted from Eichholz. [129]
5.4.7. (E)-Methyl 8-(3-octyloxiran-2-yl)octanoate (83, EMO)
O
O O
1
2
3
4
5
6
7
8
9 10
11
12
13
14
15
16
17
18
19
C19H36O3 (312.5 g/mol)
To (E )-methyl octadec-9-enoate (82, 5.84 g, 19.69 mmol, 1.0 eq), a mixture of n-hexane (1.37
g) and acetic acid (0.47 g, 7.81 mmol, 0.40 eq) was added. The resulting mixture was heated
to 57 ○C and acidic aqueous hydrogen peroxide solution (conc. H2SO4, 0.07 g, 0.67 mmol,
0.03 eq; aq. H2O2, 30%, 3.83 g, 33.73 mmol, 1.7 eq) was added over 1h under stirring. After-
wards, the reaction was stirred for 18 h at 58 ○C. The organic phase was separated, diluted
with pentane (5 mL), washed with water (6 x 8 mL) until the aqueous phase had reached a
neutral pH. The solvent of the organic phase was removed under reduced pressure and the
crude product purified by column chromatography (silica, eluent: pentane : diethyl ether =
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7 : 3) to obtain the product (E )-methyl 8-(3-octyloxiran-2-yl)octanoate (83) as colourless oil.
Yield: 5.13 g, 16.42 mmol, 83%
1H-NMR (400 MHz, CDCl3): δ = 0.83 (t, J = 6.8 Hz, 3H, H: 1), 1.12–1.38 (m, 18H, H:
3–7, 12–15), 1.38–1.50 (m, 6H, H: 2, 8, 11), 1.51–1.64 (m, 2H, H: 16), 2.25 (t, J = 7.6 Hz,
2H, H: 17), 2.60 (t, J = 4.9 Hz, 2H, trans, H: 9, 10), 3.61 (s, 3H, H: 19) ppm.
13C-NMR (101 MHz, CDCl3): δ = 14.1 (C: 1), 22.7 (C: 2), 24.9 (C: 16), 26.6 (C: 7, 12),
27.8 (C: 8, 11), 29.0 (C: 15), 29.2 (C: 6, 13), 29.4 (C: 5), 29.6 (C: 4, 14), 31.9 (C: 3), 34.1 (C:
17), 51.4 (C: 19), 58.8 (trans, C: 9, 10), 174.2 (C: 18) ppm.
Literature: adapted from Eichholz. [129]
5.4.8. (Z )-Methyl 8-(5-octyl-2-oxo-1,3-dioxolan-4-yl)octanoate (84, CMO)
O
O
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19
C20H36O5 (356.5 g/mol)
OO
O
20
A window autoclave was charged with (Z )-methyl 8-(3-octyloxiran-2-yl)octanoate (83, 200.0
mg, 0.64 mmol) and the catalyst tetra-n-butylammonium bromide (TBA-Br, 10.3 mg, 0.03
mmol, 5 mol%). After cautious flushing with CO2, the autoclave was sealed and pressurised
with 60 bar CO2, heated to 100
○C and then the pressure set to 130 bar CO2. After 20 h reac-
tion, the autoclave was cooled in an ice bath and the pressure carefully released using a bubble
counter. The reaction mixture remaining in the autoclave was extracted with CH2Cl2 and
concentrated under reduced pressure. The obtained crude product was purified by column
chromatography (silica, pentane : ethyl acetate = 1 : 1) to obtain the product (Z )-methyl
8-(5-octyl-2-oxo-1,3-dioxolan-4-yl)octanoate (84) as colourless oil.
Yield: 221.5 mg, 0.62 mmol, 97%
1H-NMR (400 MHz, CDCl3): δ = 0.77 (t, J = 6.9 Hz, 3H, H: 1), 1.05-1.32 (m, 18H, H:
3–7, 12–15), 1.32–1.48 (m, 4H, H: 8, 11), 1.48–1.69 (m, 4H, H: 2, 16), 2.19 (t, J = 7.4 Hz,
2H, H: 17), 3.55 (s, 3H, H: 18), 4.54 (q, J = 7.8 Hz, 2H, cis, H: 9, 10) ppm.
13C-NMR (101 MHz, CDCl3): δ = 13.9 (C: 1), 22.5 (C: 2), 24.5 (C: 7, 12), 24.7 (C: 16),
28.7 (C: 15), 28.8 (C: 6, 13), 29.0 (C: 4, 14), 29.1 (C: 5), 31.6 (C: 3), 33.6 (C: 17), 33.8 (C: 8,
11), 51.2 (C: 19), 79.8 (cis, C: 9, 10), 154.9 (C: 20), 173.9 (C: 18) ppm.
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5.4.9. (E)-Methyl 8-(5-octyl-2-oxo-1,3-dioxolan-4-yl)octanoate (84, CMO)
O
O
1
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19
C20H36O5 (356.5 g/mol)
OO
O
20
A window autoclave was charged with (Z )-methyl 8-(3-octyloxiran-2-yl)octanoate (83, 200.0
mg, 0.64 mmol) and the catalyst tetra-n-butylammonium iodide (TBA-I, 11.8 mg, 0.03 mmol,
5 mol%). After cautious flushing with CO2, the autoclave was sealed and pressurised with
60 bar CO2, heated to 100
○C and then the pressure set to 130 bar CO2. After 20 h reaction,
the autoclave was cooled in an ice bath and the pressure carefully released using a bubble
counter. The reaction mixture remaining in the autoclave was extracted with CH2Cl2 and
concentrated under reduced pressure. The obtained crude product was purified by column
chromatography (silica, pentane : ethyl acetate = 1 : 1) to obtain the product (E )-methyl
8-(5-octyl-2-oxo-1,3-dioxolan-4-yl)octanoate (84) as colourless oil.
Yield: 137.0 mg, 0.38 mmol, 60%
1H-NMR (400 MHz, CDCl3): δ = 0.77 (t, J = 6.9 Hz, 3H, H: 1), 1.05-1.32 (m, 18H, H:
3–7, 12–15), 1.32–1.48 (m, 4H, H: 8, 11), 1.48–1.69 (m, 4H, H: 2, 16), 2.19 (t, J = 7.4 Hz,
2H, H: 17), 3.55 (s, 3H, H: 18), 4.13 (qui, J = 5.4 Hz, 2H, trans, H: 9, 10) ppm.
13C-NMR (101 MHz, CDCl3): δ = 13.9 (C: 1), 22.5 (C: 2), 24.5 (C: 7, 12), 24.7 (C: 16),
28.7 (C: 15), 28.8 (C: 6, 13), 29.0 (C: 4, 14), 29.1 (C: 5), 31.6 (C: 3), 33.6 (C: 17), 33.8 (C: 8,
11), 51.2 (C: 19), 81.9 (trans, C: 9, 10), 154.9 (C: 20), 173.9 (C: 18) ppm.
5.4.10. (Z )-Hexyl 8-(3-octyloxiran-2-yl)octanoate (85, EHO)
O
O O
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C24H46O3 (382.6 g/mol)
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To (Z )-methyl 8-(3-octyloxiran-2-yl)octanoate (83, 1.00 g, 3.20 mmol, 1.0 eq), a mixture of
DBU (11, 0.49 g, 3.20 mmol, 1.0 eq) and 1-hexanol (12, 0.33 g, 3.20 mmol, 1.0 eq) was added.
The resulting mixture was heated to 120 ○C and stirred for 18 h. The mixture was cooled
down to room temperature, extracted with CH2Cl2 (5 x 5 mL) and concentrated under re-
duced pressure. The obtained crude product was purified by column chromatography (silica,
pentane : diethyl ether = 6 : 4, Rf = 0.62) to obtain the product (Z )-hexyl 8-(3-octyloxiran-
2-yl)octanoate (85) as colourless oil.
Yield: 428.5 mg, 1.12 mmol, 35%
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1H-NMR (400 MHz, CDCl3): δ = 0.78–0.94 (m, 6H, H: 1, 24), 1.15–1.40 (m, 26H, H:
2–7, 12–15, 21–23), 1.40–1.54 (m, 4H, H: 8, 11), 1.54–1.68 (m, 4H, H: 16, 20), 2.27 (t, J =
7.4 Hz, 2H, H: 17), 2.87 (br s, 2H, cis, H: 9, 10), 4.04 (t, J = 6.8 Hz, 2H, H: 19) ppm.
13C-NMR (101 MHz, CDCl3): δ = 14.1 (C: 1), 14.2 (C: 24), 22.6 (C: 2), 22.7 (C: 23),
25.1 (C: 16), 25.7 (C: 21), 26.7 (C: 7, 12), 27.9 (C: 8, 11), 28.7 (C: 20), 29.2 (C: 15), 29.3 (C:
6, 13), 29.5 (C: 5), 29.6 (C: 4, 14), 31.5 (C: 22), 32.0 (C: 3), 34.5 (C: 17), 57.3 (cis, C: 9, 10),
64.5 (C: 19), 174.0 (C: 18) ppm.
5.4.11. (Z )-8-(3-Octyloxiran-2-yl)octan-1-ol (87, EOA)
OH
O
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C18H36O2 (284.5 g/mol)
To 1 eq. (Z )-octadec-9-en-1-ol (91, 2.70 g, 10.07 mmol) in a microwave vial (35 mL), a
solution of 3-chloroperbenzoic acid (<77%, 3.16 g, 14.10 mmol, 1.4 eq.) in acetone (15 mL)
was added over 30 minutes under stirring. After complete addition, the reaction mixture was
stirred for 10 minutes at room temperature and then heated to 50 ○C (max. 10 W) for 5
minutes. The reaction mixture was transferred to a round-bottom flask, diluted with 20 mL
of acetone and cooled down to –25 ○C. A precipitate formed, which was filtered and washed
once with cold acetone. After removing the solvent under reduced pressure, the product
(Z )-8-(3-octyloxiran-2-yl)octan-1-ol (87) was obtained as a white solid.
Yield: 1.58 g, 5.55 mmol, 55%
1H-NMR (400 MHz, CDCl3): δ = 0.88 (t, J = 6.6 Hz, 3H, H: 1), 1.16-1.44 (m, 20H,
H: 2–7, 12–15), 1.44–1.53 (m, 6H, H: 8, 11, 16), 1.53–1.60 (m, 2H, H: 17), 2.62–2.67 (m, 2H,
trans, H: 9, 10), 2.86-2.93 (m, 2H, cis, H: 9, 10), 3.64 (t, J = 6.6 Hz, 2H, H: 18) ppm.
13C-NMR (101 MHz, CDCl3): δ = 14.2 (C: 1), 22.8 (C: 2), 25.8 (C: 16), 26.7 (C: 7, 12),
27.9 (C: 8, 11), 29.4 (C: 6, 13), 29.6 (C: 5, 14), 29.7 (C: 4, 15), 32.0 (C: 3), 32.9 (C: 17), 57.4
(cis, C: 9, 10), 59.1 (trans, C: 9, 10), 63.2 (C: 18) ppm.
MS (EI, 70 eV): 284 (M+), 171, 155, 125, 124, 123, 112, 111, 98, 97, 96, 95 m/z.
Literature: adapted from Langanke. [100]
5.4.12. (Z )-4-(8-Hydroxyoctyl)-5-octyl-1,3-dioxolan-2-one (88, COA)
OH
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C19H36O4 (328.5 g/mol)
OO
O
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A window autoclave was charged with (Z )-8-(3-octyloxiran-2-yl)octan-1-ol (87, 200.0 mg, 0.70
mmol) and the catalyst tetra-n-butylammonium bromide (TBA-Br, 11.3 mg, 0.04 mmol, 5
mol%). After cautious flushing with CO2, the autoclave was sealed and pressurised with 60
bar CO2, heated to 100
○C and then the pressure set to 130 bar CO2. After 20 h reaction,
the autoclave was cooled in an ice bath and the pressure carefully released using a bubble
counter. The reaction mixture remaining in the autoclave was extracted with CH2Cl2 and
concentrated under reduced pressure. The obtained crude product was purified by column
chromatography (silica, pentane : ethyl acetate = 1 : 1) to obtain the product (Z )-4-(8-
hydroxyoctyl)-5-octyl-1,3-dioxolan-2-one (88) as colourless oil.
Yield: 221.7 mg, 0.67 mmol, 96%
1H-NMR (400 MHz, CDCl3): δ = 0.86 (t, J = 6.5 Hz, 3H, H: 1), 1.15-1.42 (m, 20H, H:
2–7, 12–15), 1.42–1.59 (m, 4H, H: 8, 11), 1.60–1.78 (m, 4H, H: 16, 17), 3.61 (t, J = 6.7 Hz,
2H, H: 18), 4.60 (q, J = 7.4 Hz, 2H, cis, H: 9, 10) ppm.
13C-NMR (101 MHz, CDCl3): δ = 14.2 (C: 1), 22.7 (C: 2), 24.7 (C: 7, 12), 25.7 (C: 16),
29.2 (C: 6, 13), 29.3 (C: 5, 14), 29.4 (C: 4, 15), 31.9 (C: 3), 32.8 (C: 17), 33.9 (C: 8, 11) 63.2
(C: 18), 80.1 (cis, C: 9, 10), 154.9 (C: 19) ppm.
5.4.13. (E)-4-(8-Hydroxyoctyl)-5-octyl-1,3-dioxolan-2-one (88, COA)
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A window autoclave was charged with (Z )-8-(3-octyloxiran-2-yl)octan-1-ol (87, 200.0 mg,
0.70 mmol) and the catalyst tetra-n-butylammonium iodide (TBA-I, 13.0 mg, 0.04 mmol,
5 mol%). After cautious flushing with CO2, the autoclave was sealed and pressurised with
60 bar CO2, heated to 100
○C and then the pressure adjusted to 130 bar CO2. After 20 h
reaction, the autoclave was cooled in an ice bath and the pressure carefully released us-
ing a bubble counter. The reaction mixture remaining in the autoclave was extracted with
CH2Cl2 and concentrated under reduced pressure. The obtained crude product was purified
by column chromatography (silica, pentane : ethyl acetate = 1 : 1) to obtain the product
(E )-4-(8-hydroxyoctyl)-5-octyl-1,3-dioxolan-2-one (88) as colourless oil.
Yield: 152.4 mg, 0.46 mmol, 66%
1H-NMR (400 MHz, CDCl3): δ = 0.86 (t, J = 6.5 Hz, 3H, H: 1), 1.15-1.42 (m, 20H, H:
2–7, 12–15), 1.42–1.59 (m, 4H, H: 8, 11), 1.60–1.78 (m, 4H, H: 16, 17), 3.61 (t, J = 6.7 Hz,
2H, H: 18), 4.20 (qui, J = 5.4 Hz, 2H, trans, H: 9, 10) ppm.
146
Chapter IV. Switchable catalysts for the synthesis of cyclic carbonates
13C-NMR (101 MHz, CDCl3): δ = 14.2 (C: 1), 22.7 (C: 2), 24.7 (C: 7, 12), 25.7 (C: 16),
29.2 (C: 6, 13), 29.3 (C: 5, 14), 29.4 (C: 4, 15), 31.9 (C: 3), 32.8 (C: 17), 33.9 (C: 8, 11) 63.2
(C: 18), 82.1 (trans, C: 9, 10), 154.9 (C: 19) ppm.
5.4.14. General procedure for the synthesis of ionic liquids based on organic
bases
Ammonium chloride (326.3 mg, 6.1 mmol) or ammonium bromide (597.4 mg, 6.1 mmol)
was introduced into a Schlenk tube, fitted with septum and argon inlet, and suspended in
methanol (4.0 mL). Over the course of 30 min, the base (6.1 mmol) was added. The mixture
was stirred for 3 h upon which a clear solution was obtained, and then the solvent was
removed under reduced pressure. The remaining solid was dried in vacuo at 60 ○C for 24 h
to obtain the product as a white solid.
Literature: according to Chanfreau. [103]
5.4.14.1. 1,8-Diazabicyclo[5.4.0]undec-7-enium chloride ([DBUH]+Cl–)
N
C9H17ClN2 (188.7 g/mol)
N
H
4 5 6
Cl7
8
9
10
1
2
3
Yield: 1.2 g, 6.1 mmol, >99%
1H-NMR (400 MHz, CDCl3): δ = 1.53–1.77 (m, 6H, H: 6, 7, 8), 1.96 (tt, J = 6.0 Hz,
2H, H: 3), 2.83–2.98 (m, 2H, H: 9), 3.27–3.39 (m, 2H, H: 5), 3.48 (m, 4H, H: 2, 4), 11.24 (br
s, 1H, H: 1) ppm.
13C-NMR (101 MHz, CDCl3): δ = 19.5 (C: 3), 24.0 (C: 7), 26.8 (C: 6), 29.0 (C: 8), 32.1
(C: 9), 37.9 (C: 2), 48.7 (C: 5), 54.4 (C: 4), 166.1 (C: 10) ppm.
IR (ATR): ν˜ = 623 (w), 691 (m), 706 (m), 781 (w), 987 (w), 1102 (w), 1109 (m), 1163 (w),
1206 (m), 1250 (w), 1317 (m), 1329 (m), 1398 (w), 1446 (w), 1484 (w), 1590 (m), 1643 (s),
2803 (w), 2860 (w), 2920 (w), 3030 (w), 3089 (w), 3204 (w) cm−1.
5.4.14.2. 1,8-Diazabicyclo[5.4.0]undec-7-enium bromide ([DBUH]+Br–)
N
C9H17BrN2 (233.2 g/mol)
N
H
4 5 6
Br7
8
9
10
1
2
3
Yield: 1.4 g, 6.1 mmol, >99%
1H-NMR (400 MHz, CDCl3): δ = 1.52–1.73 (m, 6H, H: 6, 7, 8), 1.95 (tt, J = 5.9 Hz,
2H, H: 3), 2.80–2.93 (m, 2H, H: 9), 3.26–3.36 (m, 2H, H: 5), 3.48 (m, 4H, H: 2, 4), 10.23 (br
s, 1H, H: 1) ppm.
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13C-NMR (101 MHz, CDCl3): δ = 19.3 (C: 3), 23.8 (C: 7), 26.6 (C: 6), 28.7 (C: 8), 32.2
(C: 9), 37.7 (C: 2), 48.7 (C: 5), 54.5 (C: 4), 165.9 (C: 10) ppm.
IR (ATR): ν˜ = 620 (w), 689 (m), 744 (w), 986 (w), 1107 (m), 1207 (m), 1324 (s), 1328 (s),
1387 (w), 1445 (w), 1587 (m), 1642 (s), 2809 (w), 2872 (m), 2933 (m), 2937 (m), 2968 (m),
3037 (m), 3091 (m), 3197 (w) cm−1.
5.4.14.3. 1,5,7-Triazabicyclo[4.4.0]dec-5-enium bromide ([TBDH]+Br–)
N
H
N
N
H
Br
C7H14BrN3 (220.1 g/mol)
4 4
3
2
151
2
3
Yield: 1.3 g, 6.1 mmol, >99%
1H-NMR (400 MHz, CDCl3): δ = 1.96 (tt, J = 5.9 Hz, 4H, H: 3), 3.17–3.36 (m, 8H, H:
2, 4), 8.06 (br s, 2H, H: 1) ppm.
13C-NMR (101 MHz, CDCl3): δ = 20.5 (C: 2), 37.8 (C: 3), 46.8 (C: 4), 151.5 (C: 5) ppm.
IR (ATR): ν˜ = 594 (w), 688 (m), 882 (w), 1018 (w), 1067 (m), 1114 (w), 1195 (m), 1272
(w), 1305 (w), 1319 (m), 1326 (m), 1379 (m), 1436 (w), 1530 (w), 1631 (s), 2881 (w), 2964
(w), 2967 (w), 3041 (w), 3160 (w), 3214 (w), 3270 (w) cm−1.
5.4.15. Tetra-n-butylammonium methyl carbonate (TBA+MeOCO–
2
)
C18H39NO3 (317.5 g/mol)
4
N
O
O O
3
2 1
6
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1
1
1
2
2
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3
3
3
4
4
4
Carbon dioxide was bubbled through a solution of tetra-n-butylammonium methoxide (20 mL,
12.0 mmol, 20 % in methanol) at room temperature for 4 h. The solvent was evaporated
under reduced pressure. The resulting foamy solid was kept under high vacuum with vigorous
stirring for 48 h. The product was obtained as a white powder that was stored under argon.
Yield: 3.6 g, 11.4 mmol, 95%
1H-NMR (400 MHz, CDCl3): δ = 0.83–1.03 (m, 12 H, H: 4), 1.26–1.46 (m, 8H, H: 3),
1.48–1.70 (m, 8H, H: 2), 3.16–3.36 (m, 8H, H: 1), 3.43 (br s, 3H, H: 5) ppm.
13C-NMR (101 MHz, CDCl3): δ = 13.6 (C: 4), 19.7 (C: 3), 24.0 (C: 2), 52.1 (C: 5), 58.7
(C: 1), 158.1 (C: 6) ppm.
IR (ATR): ν˜ = 574 (w), 749 (w), 843 (m), 855 (m), 886 (w), 1065 (m), 1177 (w), 1272 (m),
1396 (w), 1438 (w), 1496 (w), 1671 (s), 2850 (w), 2876 (w), 2955 (w), 2962 (w) cm−1.
Literature: according to Berkessel. [113]
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5.5. Catalysis
5.5.1. General procedure for the catalytic synthesis of styrene carbonate
The window autoclave was charged with the required amount of catalyst or free base and
alcohol under inert atmosphere. To form the catalyst from the base and alcohol, the mixture
was stirred under CO2-atmosphere for 10 min, and under CO2 flow, the substrate 76 was
added. The autoclave was sealed, additional CO2 added to adjust the pressure to the desired
value and heated on a heating plate to the desired temperature. After 18.5 h of reaction,
the autoclave was cooled in an ice bath and the pressure carefully released using a bubble
counter. The reaction mixture remaining in the autoclave was extracted with CH2Cl2 and
further analysed with GC and NMR using tetradecane as an internal standard.
5.5.2. General procedure for the catalytic synthesis of cyclic oleo carbonates
with halide catalysts
The window autoclave was charged with the required amount of catalyst and epoxy substrate.
After cautious flushing with CO2 (avoiding loss of substrate), the autoclave was sealed and
pressurised with 60 bar CO2, heated to 100
○C and then the pressure set to 130 bar via
adding CO2. After 20 hours of reaction, the autoclave was cooled in an ice bath and the
pressure carefully released using a bubble counter. The reaction mixture remaining in the
autoclave was extracted with CH2Cl2 and further analysed with GC and NMR using methyl
heptadecanoate as an internal standard.
5.5.3. General procedure for the catalytic synthesis of cyclic oleo carbonates
with switchable solvent systems and Lewis basic ionic liquids
The window autoclave was charged with the required amount of reversible ionic liquid and
stirred under CO2 atmosphere for 10 min to form the ionic liquid. Under CO2 flow, the
epoxy substrate was added, the autoclave was sealed and pressurised with 60 bar CO2.
Then it was heated to the desired temperature and the pressure set to 130 bar via adding
CO2. After the desired reaction time, the autoclave was cooled in an ice bath and the
pressure carefully released using a bubble counter. The reaction mixture remaining in the
autoclave was extracted with CH2Cl2 and further analysed with GC and NMR using methyl
heptadecanoate as an internal standard.
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Appendix
A. NMR spectra of ligand–CO2 interactions
A.1. Interaction with ortho-substituted guanidine phosphine 68
Figure A1.: 1H-NMR spectra on interaction of 1-hexanol 12 and CO2 with the ortho-substituted
guanidine phosphine 68 (bottom trace (blue): 68, middle trace (red): 68 + 12, upper trace (green):
68 + 12 + CO2).
Appendix
Figure A2.: 13C-NMR spectra on interaction of 1-hexanol 12 and CO2 with the ortho-substituted
guanidine phosphine 68 (bottom trace (blue): 68, middle trace (red): 68 + 12, upper trace (green):
68 + 12 + CO2; ● = dissolved CO2).
Figure A3.: 31P-NMR spectra on interaction of 1-hexanol 12 and CO2 with the ortho-substituted
guanidine phosphine 68 (bottom trace (blue): 68, middle trace (red): 68 + 12, upper trace (green):
68 + 12 + CO2).
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A.2. Interaction with meta-substituted guanidine phosphine 62
Figure A4.: 1H-NMR spectra on interaction of 1-hexanol 12 and CO2 with the meta-substituted
guanidine phosphine 62 (bottom trace (blue): 62, middle trace (red): 62 + 12, upper trace (green):
62 + 12 + CO2; * belongs to the hexylcarbonate 74).
Figure A5.: 13C-NMR spectra on interaction of 1-hexanol 12 and CO2 with the meta-substituted
guanidine phosphine 62 (bottom trace (blue): 62, middle trace (red): 62 + 12, upper trace (green):
62 + 12 + CO2; * belongs to the hexylcarbonate 74; ● = dissolved CO2).
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Figure A6.: 31P-NMR spectra on interaction of 1-hexanol 12 and CO2 with the meta-substituted
guanidine phosphine 62 (bottom trace (blue): 62, middle trace (red): 62 + 12, upper trace (green):
62 + 12 + CO2).
A.3. Interaction with para-substituted guanidine phosphine 63
Figure A7.: 1H-NMR spectra on interaction of 1-hexanol 12 and CO2 with the para-substituted
guanidine phosphine 63 (bottom trace (blue): 63, middle trace (red): 63 + 12, upper trace (green):
63 + 12 + CO2; * belongs to the hexylcarbonate 75).
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Figure A8.: 13C-NMR spectra on interaction of 1-hexanol 12 and CO2 with the para-substituted
guanidine phosphine 63 (bottom trace (blue): 63, middle trace (red): 63 + 12, upper trace (green):
63 + 12 + CO2; * belongs to the hexylcarbonate 75; ● = dissolved CO2).
Figure A9.: 31P-NMR spectra on interaction of 1-hexanol 12 and CO2 with the para-substituted
guanidine phosphine 63 (bottom trace (blue): 63, middle trace (red): 63 + 12, upper trace (green):
63 + 12 + CO2).
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B. NMR spectra of attempted new switchable solvent systems
B.1. 1-Phenylethanol with DBU
Figure B10.: 1H-NMR spectra of the synthesis of the switchable solvent 11/1-phenylethanol (bottom
trace (blue): 11 + 1-phenylethanol, upper trace (red): 11 + 1-phenylethanol + CO2; ◾ belongs to free
1-phenylethanol).
Figure B11.: 13C-NMR spectra of the synthesis of the switchable solvent 11/1-phenylethanol (bottom
trace (blue): 11 + 1-phenylethanol, upper trace (red): 11 + 1-phenylethanol + CO2; ◾ belongs to free
1-phenylethanol).
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B.2. tert-Butanol with DBU
Figure B12.: 1H-NMR spectra of the attempted synthesis of the switchable solvent 11/tert-butanol
(bottom trace (blue): 11 + tert-butanol, upper trace (red): 11 + tert-butanol + CO2).
Figure B13.: 13C-NMR spectra of the attempted synthesis of the switchable solvent 11/tert-butanol
(bottom trace (blue): 11 + tert-butanol, upper trace (red): 11 + tert-butanol + CO2).
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B.3. Phenol with DBU
Figure B14.: 1H-NMR spectra of the attempted synthesis of the switchable solvent 11/phenol (bottom
trace (blue): 11 + phenol, upper trace (red): 11 + phenol + CO2).
Figure B15.: 13C-NMR spectra of the attempted synthesis of the switchable solvent 11/phenol (bottom
trace (blue): 11 + phenol, upper trace (red): 11 + phenol + CO2).
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B.4. Binol with DBU
Figure B16.: 1H-NMR spectra of the attempted synthesis of the switchable solvent 11/binol (bottom
trace (blue): 11 + binol, upper trace (red): 11 + binol + CO2).
Figure B17.: 13C-NMR spectra of the attempted synthesis of the switchable solvent 11/binol (bottom
trace (blue): 11 + binol, upper trace (red): 11 + binol + CO2, * dissolved CO2).
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C. Analysis of relative configuration
Figure C18.: 1H-NMR spectrum of cis and trans 84 (upper trace, red) compared with cis and trans
88 (bottom trace, blue).
Figure C19.: Gas chromatogram of cis and trans 84 (upper trace, green) compared with cis and trans
88 (bottom trace, blue).
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